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One of the most important factors controlling the growth of microalgae is light. Light 
quality and light quantity have a dramatic effect on the production of biomass, lipids and 
pigments of microalgae. In this research, a native Louisiana co-culture containing Chlorella 
vulgaris (microalgae) and Leptolyngbya sp (cyanobacteria) was studied to determine the effects 
of various wavelength distributions and irradiance levels on growth kinetics. Growth rates, 
biomass levels, lipid contents and chlorophyll-a production was examined in batch cultures to 
determine which color light was optimum for cultivation.  
At 80 µmol m-2 s-1 the species shifted from microalgae dominant to cyanobacteria 
dominant. The impact of four different light colors (blue, green, red and white) on the growth at 
400 µmol m-2 s-1 revealed that red light produced the highest growth rate (0.41 d-1) and final 
biomass concentration (913 mg L-1). Red light was chosen as the optimum wavelength at 400 
µmol m-2 s-1. When red light was compared to white light at higher light intensities red light 
produced the highest growth rate (0.47 d-1). Red light had the highest photosynthetic efficiency 
(1.29 %), while white light had the highest chlorophyll-a production (1874 µg L-1) and the 
highest biomass (1207 mg L-1). Overall, red light was determined to be the optimum wavelength 
to grow this co-culture because of the higher growth rates and photosynthetic efficiency.  
This co-culture was also grown in a continuous flow hydraulically integrated serial 
turbidostat algal reactor (HISTAR) system. This study showed that different dilution rates can 
affect the final harvested biomass weight. Also, at high biomass concentrations, light penetration 




1. Global Introduction 
1.1 Background 
 
About 92% of energy consumption comes from non-renewable sources such as 
petroleum, coal, natural gas and nuclear. The remaining energy comes from renewable resources 
such as wind, solar, geothermal, hydropower and biomass (Khanal, 2010). According to the U.S. 
Energy Information Administration (EIA) in 2012, the United States was the leading country in 
the consumption of oil with approximately 18,500,000 barrels/day, followed by China with 
roughly 10,280,000 barrels/day. No other country had more than 4,800,000 barrels a day. Of the 
large amount of oil consumed by the U.S., 57% is imported from various countries and 71% of 
the oil consumed goes towards transportation fuels (Wigmosta et al., 2011). 
With the high rate of consumption, the EIA reports that by 2030 the world will need 
about 60% more energy and within the next 50 years oil based fossil fuels could be depleted 
(Ahmad et al., 2011; Shafiee and Topal, 2009). The Energy Independence and Security Act 
(ESIA), published in 2007, made it a point to promote the use of renewable fuels such as 
biofuels. Requirements from the ESIA are that the biofuels must produce 50% less greenhouse 
gas (GHG) emissions than the GHG emissions produced by petroleum based fuels (DOE, 2010). 
Additionally, the ESIA established the Renewable Fuels Standard (RFS) that called for the 
production of 36 billion gallons of renewable fuel, of which 21 billion gallons must be advanced 
biofuels (non-corn ethanol biofuels) (Pienkos and Darzins, 2009).  
With global concerns about the depletion of non-renewable energy sources, there has 
been an increased interest in alternative renewable energy sources. One alternative energy source 
gaining attention are biofuels. Biofuels can be described as fuel made from renewable biomass 
and can be split into three categories, first, second and third generation biofuels.  First generation 
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biofuels are manufactured from land crops. Large-scale commercial productions include corn 
based ethanol and soybean based biodiesel. Other first generation biofuels include rapeseed, 
palm oil and sunflower (Ahmad et al., 2011). The main problem with first generation biofuels is 
that the oil is produced from food crops for human and animal consumption; which places stress 
on the global food market (Naik et al., 2010).  
Second generation biofuels focus on non-edible feedstock, this includes vegetable oils 
and fats, non-food crops and biomass sources. Biomass sources include the cellulosic biomass, 
residual biomass from crop and forest harvesting (Wigmosta et al., 2011). Second generation 
biofuels eliminate competition for food, are more environmentally friendly and require less 
farmland. Although, second generation biofuels may be more efficient and environmentally 
friendly than first generation biofuels, they may not be economically viable on a large scale 
(Ahmad et al., 2011).  
Third generation biofuels, are produced from microalgae and are considered by some to 
be a potentially viable alternative energy source. Microalgae are quickly becoming the leading 
candidate to supplement non-renewable based fuels because they address the issues of first and 
second generation biofuels (Dragone et al., 2010). Comparatively, microalgae have a number of 
distinct advantages over other land based oil crops: (1) microalgae commonly double their 
biomass within 24 hours and as little as 3.5 hours during exponential growth phase (2) oil 
content in microalgae can exceed 80% by weight of dry biomass, with 20-50% being quite 
common (3) microalgae do not use the land meant for food crops (4) they are easy to cultivate 
and grow with little attention (5) they can grow in water unsuitable for human consumption, such 
as wastewater (6) microalgae can produce valuable coproducts along with biofuel (Amin, 2009; 
Chisti, 2007; Gouveia and Oliveira, 2009; Mata et al., 2010). 
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Table 1.1: Comparison of oil yields for various oil crops in terms of liters/hectares. Microalgaea 
has 70% oil by dry biomass weight and microalgaeb has 30% oil by dry biomass weight. Adapted 
from (Chisti, 2007). 
Crop Oil Yield (L ha-1) 
Corn 172 
Soybean 446 
Oil Palm 5,950 
Microalgae a 136,900 
Microalgae b 58,700 
 
 Even though microalgae have the potential to be a valuable biofuel source, there are some 
challenges to overcome. From a comparison study, the average oil production cost was $11.57 
gal -1 ($3.05 L-1). This high production cost cannot compete with current petroleum prices (Sun 
et al., 2011). Other challenges include the need for correct species selection for optimum biofuel 
production; development of higher photosynthetic efficiencies in large scale productions; 
methods to reduce evaporation and CO2 diffusion losses (Brennan and Owende, 2010).  
To help mitigate the high production cost, microalgae can also be used for valuable co-
products. These co-products can be used for animal and human nutrition, poly-unsaturated fatty 
acids, anti-oxidants, coloring substances and fertilizers. Other products include bioflocculants, 
biodegradable polymers, cosmetics, pharmaceuticals and polysaccharides (DOE, 2010).  
1.2 Microalgae 
 
Considered one of the oldest life-forms on earth, algae are thallophytes, plants that lack 
roots, stems and leaves.  Like plants, microalgae have chlorophyll-a as their primary 
photosynthetic pigment (Lee, 1999). Microalgae are generally small (1-10 µm), photosynthetic 
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and can be classified into two broad categories: prokaryotic and eukaryotic (Larkum et al., 2012; 
Mata et al., 2010). The eukaryotic microalgae can be classified into 12 different divisions; 
however the main categories are: diatoms (Bacillariophyta), green algae (Chlorophyta) and 
golden algae (Chrysophyta). Other categories include: red algae (Rhodophyta), yellow-green 
algae (Xanthophyta), and brown algae (Phaeophyta) (Sheehan, 1998).  
Prokaryotic microalgae are referred to as cyanobacteria or blue-green algae. The name 
‘blue-green algae’ refers to the microorganism’s color, due to the phycocyanin and 
phycoerythrin pigments. Cyanobacteria can be unicellular to multicellular and similar to 
microalgae in that they possess chlorophyll-a as well as perform oxygenic photosynthesis. Their 
main storage product is glycogen (Pulz and Gross, 2004; Richmond, 2004). Since cyanobacteria 
and microalgae are photosynthetic organisms, light is the driving force behind their growth. 
1.2.1 Microalgae/Cyanobacteria Photosynthesis 
Microalgae are photosynthetic organisms and use energy from the sun to produce glucose in 
a process called photosynthesis. Microalgae use various pigments located within their chloroplast 
to absorb energy from photons of light (Chen et al., 2010b). There are three distinct pigment 
groups in microalgae: chlorophyll, carotenoids and phycobilins (found in blue-green algae). 
These groups have very specific absorption regions and are composed of many pigments 
(Carvalho et al., 2011; Richmond, 2004). Chlorophyll, which is green in color, is the most 
abundant pigment group in microalgae and other photosynthetic organisms. The Chlorophyll 
pigment group is composed of four main pigments: chlorophyll-a (chl-a), chlorophyll-b (chl-b), 
chlorophyll-c (chl-c) and chlorophyll-d (chl-d). Chl-a is considered the major pigment because it 
is the most abundant as well as the main driver for photosynthesis. The others are referred to as 
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accessory pigments. Chl-a has two major absorption regions, one in the blue-green region (450-
475 nm) and the other in the red region (630-675 nm) (Richmond, 2004).  
Carotenoids are usually yellow or orange in color and contain pigments such as α-carotenes, 
β-carotenes, lutein, violaxanthin or zeaxanthin. The role of carotenoids is to absorb excess light, 
which protects the chlorophyll from being damaged. Absorption range for these pigments is in 
the blue to green range (400-550 nm) (Richmond, 2004). The phycobilins, which consist of 
water-soluble pigments, are associated with cyanobacteria (blue-green algae) and red algae. This 
group contains pigments phycoerythrin, allophycocyanin and phycocyanin which have an 
absorption in the green to red region (500-650 nm). Phycocyanin is blue in color, which gives 
cyanobacteria their distinct color (Richmond, 2004). 
The photosynthetic process can be broken down into two parts, a light dependent part and a 
light independent part (Calvin-Benson Cycle). The simplified version of photosynthesis can be 
summarized in the following equation (Barsanti and Gualtieri, 2006): 
6CO2 + 6H2O + light →  C6H12O6 + 6O2       (1.1) 
where C6H12O6  is the chemical formula for glucose.  
1.2.2 Light Dependent Reaction 
 
The light dependent reaction occurs first by capturing a photon of light and converting it into 
ATP and other reducing agents such as NADPH (Barsanti and Gualtieri, 2006). A summarized 
equation of the light reaction can be written as: 
2NADP + 3H2O + 2ADP + 2Pi  + hv   →  2NADPH2 + 3ATP + O2    (1.2) 
where NADP is nicotinamide adenine dinucleotide phosphate, ADP is adenosine diphosphate, Pi 
is a proton, NADPH is the reduced form of NADP and ATP is adenosine triphosphate. The light 
dependent reactions occur in the thylakoid membrane, which is located in the chloroplast 
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membrane of the cell. The portion of the thylakoid membrane where photosynthesis takes place 
can be referred to as the photosynthetic unit (PSU). The PSU gathers the necessary photo 
receptors, electron carriers and enzymes required to produce NADPH and ATP (Rubio et al., 
2003).  
Photosynthesis is initiated when chl-a located in Photosystem II (PS II) captures a photon 
of light, which excites the electrons. Excited electrons are transferred to the reaction center of PS 
II, P680 (The 680 refers to the absorbing wavelength of the PS II reaction center), where they are 
excited to a higher energy level, P680
* (Richmond, 2004). The excited electrons are replaced by 
the splitting of a water molecule (eq. 1.3) in a process called water photolysis. During the 
process of water photolysis a molecule of oxygen is released. 
H2O → 2H
+ + ½ O2 + 2e
-         (1.3) 
From the PS II reaction center the electrons are transferred to a mobile electron carrier 
plastoquinone, which then transfers the electron to the cytochrome b6/f. The cytochrome b6/f is 
an intermediate enzyme that transfers the electrons from Photosystem II to Photosystem I and is 
also referred to as the proton pump. From the cytochrome, the electrons are transferred to 




Figure 1.1: Schematic of the light dependent reaction in the chloroplast of microalgae. Taken 
from http://en.wikipedia.org/wiki/Photosynthesis.   
 
 This series of electron transfers between PS II and PS I is referred to as an electron 
transport chain, often denoted as the ‘Z’ scheme (Madigan et al., 2002; Richmond, 2004).  
Plastocyanin transfers the electron to the PS I reaction center, P700 (the 700 refers to the 
absorbing wavelength of the PS I reaction center), where they the electrons are excited again to a 
higher energy level, P700
*. From PS I the electrons are transferred by electron carriers to reduce 
NADP+ to NADPH (eq. 1.4). 
NADP + 2H+ + 2e- → NADPH        (1.4) 
 Along with generating NADPH, the electron transport chain also generates a proton that 
is used to produce ATP. The process for ATP synthesis is called noncyclic photophosphorylation 
because the electrons do not return to PS II, but instead are used to produce NADPH (Madigan et 




Figure 1.2: Electron transport chain (‘Z’ scheme) showing the transfer of electrons from one 
pigment to another and the associated energy. Adapted from Richmond (2004). 
1.2.3 Light Independent Reaction (Calvin Cycle) 
 
The light independent or Calvin Cycle is secondary to the light dependent reactions. The 
Calvin cycle uses the NADPH and the ATP produced from the light reactions in order to fix 
carbon dioxide (Richmond, 2004): 
CO2 + 4H
+ + 4e- + 2NADPH2 + 3ATP → CH2O + H2O     (1.5) 
where CH2O is a carbohydrate. The Calvin cycle can be broken up into four distinct phases: 
1. Carboxylation phase: In this portion of the cycle, the reactions are catalyzed by the 
enzyme ribulose bisphosphate carboxylate or RubisCo. RubisCo catalyzes the formation 
of two molecules of phosphoglycerate by the addition of CO2 to ribulose bisphosphate. 
This process to produce phosphoglycerate is the C3 pathway because the end product, 
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phosphoglycerate, is a 3-carbon compound (Barsanti and Gualtieri, 2006; Richmond, 
2004). 
2. Reduction phase: Here energy from ATP and NADPH2 are added to convert 
phosphoglycerate to 3-carbon products in two steps. First, phosphorylation of 
phosphoglycerate to form diphosphoglycerate and ADP. Second, the reduction of 
diphosphoglycerate to phosphoglyceraldehyde by NADPH2 (Richmond, 2004).  
3. Regeneration phase: The regeneration of ribulose phosphate for CO2 fixation is 
completed by a series of reactions combining 3, 4, 5, 6 and 7-carbon sugar phosphates 
(Barsanti and Gualtieri, 2006; Richmond, 2004). 
4. Production phase: The primary end-products of photosynthesis are carbohydrates with 
other products being synthesized such as fatty acids, amino acids and organic acids 
(Richmond, 2004).  
1.2.4 Cyanobacteria Photosynthesis 
 
The process of photosynthesis in cyanobacteria is very similar to microalgae. One main 
difference between cyanobacteria and microalgae is that cyanobacteria have water-soluble 
phycobiliproteins (Mur et al., 1999). These phycobiliproteins are the main light harvesting 
systems in cyanobacteria. An aggregate of phycobiliproteins form phycobilisomes, which attach 
to the thylakoids (Mur et al., 1999; Ting et al., 2002). The phycobiliproteins are made up of 
allophycocyanin and phycocyanin. The allophycocyanin is in direct contact with the 
photosynthetic membrane and is surrounded by phycocyanin. The phycocyanin absorbs the light 
energy and transfers it to the allophycocyanin, which transfers it to the reaction center of PS II 
(Richmond, 2004). The phycobilisomes help to facilitate the light energy transfer, which gives 




Figure 1.3: Comparison of photosynthesis light harvesting complexes in cyanobacteria/red algae 
(left image) and microalgae (right image). Image adapted from Kanehisa Laboratories 2010. 
1.3 Light 
 Light is the driver of microalgae photosynthesis. Light can be broken down into light 
quality and light quantity. 
1.3.1 Light Quality 
Light quality refers to the wavelength distribution. The visible light spectrum is a small 
region on the electromagnetic radiation spectrum and ranges from 380 nm (violet light) to 750 
nm (red light). Wavelengths that encompass the visible light spectrum are also referred to as 
photosynthetically active radiation (PAR), which means this region of light is used by 
photosynthetic organisms to initiate the process of photosynthesis (Barsanti and Gualtieri, 2006). 
For outdoor culture systems, the most cost-effective source of light is from the sun; however in 
most bench scale studies artificial light is used. Artificial light is more advantageous to use than 
sunlight because it provides better control over the intensity of light or photosynthetic photon 
flux density (PPFD) (Schulze et al., 2014). PPFD can be defined as the amount of photosynthetic 
active photons in µmol hitting a surface of 1 m2 in 1 second. Types of artificial light used in 
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microalgae systems can be fluorescent lights, high performance sodium lights, metal halides and 
light emitting diodes (LEDs). 
1.3.1.1 Red and blue light for microalgae growth 
Historically, color light using light emitting diodes (LEDs) has been used primarily for 
the cultivation of agricultural plants. Agricultural crops such as potatoes, spinach, radishes and 
wheat were grown under red light with a small amount of blue added (Goins et al., 2001; Olle 
and Viršile, 2013; Yorio et al., 2001). With the recent surge in biofuels research, LEDs have 
been used to enhance microalgae growth for the production of biomass, lipids and other 
byproducts (Chen et al., 2010a; Hultberg et al., 2014; Schulze et al., 2014; Shu et al., 2012; Teo 
et al., 2014). Results from LED studies show that either blue light or red light produce the most 
favorable results because these regions of light match the peaks in the chlorophyll-a spectrum 
(Koc et al., 2013). 
  Red light applied to Chlorella vulgaris has been shown to have the highest nutrient 
removal and the produce the highest dry cell weight (Xu et al., 2013; Yan et al., 2013). Light 
quality experiments with Spirulina platensis have shown that red light is the most effective light 
to culture this species because it promotes the highest specific growth rate and biomass 
accumulation (Chen et al., 2010a; Wang et al., 2007). Interestingly, Ravelonandro et al. (2008) 
found that green light had the highest productivity (mg L-1 d-1) and concentration (mg L-1) for 
Spirulina platensis. In a mixed culture of Chlorella vulgaris and Saccharomyces Cerevisiae it 
was found that red light was optimal for biomass, although the blue was optimal for lipid 
production (Shu et al., 2012). Other experiments also found that the red light produced favorable 
results (Koc et al., 2013; Matthijs et al., 1996; Zhao et al., 2013). It has been found that growing 
the red alga Porphyridium cruentum under red light enhances the Photosystem II relative to 
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Photosystem 1 (Cunningham et al., 1990). Mohsenpour et al. (2012) conducted a study with 
Chlorella vulgaris and a cyanobacteria Gloeothece membranacea and found that red light was 
the least efficient at converting light energy into biomass in both species. Mohsenpour et al. 
(2012) found that orange light produced the highest specific growth rate for Chlorella vulgaris.  
Blue light is being considered as a possible light source for the cultivation of microalgae. 
Nannochloropsis sp. grown under blue light had the highest specific growth rate and volumetric 
fatty acid methyl esters (FAME) yield (Das et al., 2011). In a mixed culture of Chlorella vulgaris 
and Saccharomyces Cerevisiae it was found that blue light was optimal for lipid productivity 
(Shu et al., 2012). Other experiments have dealt with culturing Chlorella vulgaris under blue 
because they produce favorable results (Atta et al., 2013; Blair et al., 2013). You and Barnett 
(2004) found that blue light produced higher growth rates and polysaccharide production in 
Porphyridium cruentum when compared with white or red light. Additionally, Teo et al. (2014) 
found that blue light produced the highest growth rate and lipid production in Tetraselmis sp. and 
Nannochloropsis sp. It was also found that blue light produces the highest lipid yield in 
Isochrysis galbana (Yoshioka et al., 2012).  
1.3.1.2 Photon Energy and Photosynthesis 
To initiate photosynthesis the energy of a photon of light must excite an electron from the 
ground state (E0) to the next higher energy level (E1). The energy of photons can vary depending 
on the wavelength. Photons from the blue region in the visible light spectrum have the shortest 
wavelengths and carry with it the most energy. Whereas, photons in the red spectrum are the 
inverse of blue photons, meaning they have the longest wavelengths and the least amount of 
energy associated with them (Carvalho et al., 2011). The energy associated with a photon from 
the red region is sufficient enough to excite an electron from E0 to E1 (Richmond, 2004). 
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Absorption of photons from red light by chlorophyll-a is efficient with minimal energy loss. 
Additionally, the reaction centers of PS I and PS II have absorption peaks in the red spectrum 
(680 nm and 700 nm respectively) (Carvalho et al., 2011).  
When the electrons are excited by photons in the blue region the electrons are excited to 
an energy level above E1. To reach the E1 energy state, the electrons must lose energy in the form 
of heat or fluorescence (Carvalho et al., 2011). Das et al. (2011) suggests that photons in the blue 
region have a higher probability of hitting the light harvesting complex at its peak electrical 
energy. When blue light hits the light harvesting complex, it has too much energy for 
photosynthesis, which can result in photoinhibition (Das et al., 2011; Xu et al., 2013). Also, the 
higher energy associated with blue light could induce photoinhibition faster in PS I; whereas 
longer wavelengths could avoid photoinhibition (You and Barnett, 2004). Additionally, it has 
been noted that blue light helps in the regulation of gene transcription, the activation of enzymes 
and cells damaged by red light could be repaired when subjected to low intensities of blue light 
(Atta et al., 2013; Ruyters, 1984). 
1.3.1.3 Photosynthetic Efficiency  
The fraction or percentage of light energy that is converted to biomass is known as 
photosynthetic efficiency (PE) (Posten, 2009; Silaban, 2013): 
𝑃𝐸 = 𝑌𝑑𝑤,𝐸 ∗  
𝐶𝐵
𝐸
∗ 100%              (1.6) 
where Ydw,E is the biomass yield on light energy (g mol
-1), CB is the caloric content of the 
microalgae (kJ g-1) and E is the conversion of scalar irradiance to energy input (kJ mol-1). The 
biomass yield on light energy is the ability of microalgae to use the available light energy to 
produce biomass (Fu et al., 2012; Janssen et al., 2003; Silaban, 2013): 






                (1.7) 
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where PFD is the scalar irradiance (mol m-2 d-1), Pdw is the biomass productivity (g m
-3 d-1), V is 
the volume of the culture (m3) and A is the surface area of the culture (m2). For equations 1.6 and 
1.7, the units of ‘mol’ refers to the moles of photons. For C3 and C4 photosynthesis, the 
photosynthetic efficiency has been found to be 4.6% and 6% respectively (Zhu et al., 2008). 
Weyer et al. (2010), reported that the theoretical PE for a perfectly efficient algae was 26.7%; 
however a more realistic PE was calculated to be 6.3%. This value of 6.3% is similar to 
Sudhakar and Premalatha (2012), which suggest that microalgae at the very most have a PE of 
6%.  
1.3.2 Light Quantity 
Microalgae are photoautotrophs, which mean they receive their energy from light; 
therefore an essential parameter of microalgae growth is the light quantity. Light quantity refers 
to the intensity of light or the irradiance level. Light intensity is a measurement of the amount of 
light over a given area. Common light intensity units used in microalgae studies are mol m-2 s-1, 
which measures the photosynthetic active radiation (PAR) (Raven, 2011). Additionally, 
irradiance can be split into two categories: a) incident, meaning the light is directed downward or 
b) scalar, meaning the light is coming from all directions (Gutierrez‐Wing et al., 2012).  
A graphical relationship between the effect of irradiance level and algae growth has been 
developed (Sorokin and Krauss, 1958). The light intensity curve can be split into three distinct 
sections (Figure 1.4). The first section is the known as the light-dependent region or light limited 
section. In this part of the graph the growth rates of the microalgae are directly affected by the 
light intensity. The next section is referred to as the light independent or light saturation section 
and this portion of the graph is flat. In this region of the graph as the light intensity increases 
there is no increase in growth rate. The last section is referred to as the photoinhibition section 
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and here the growth rates and light intensity are inversely proportional. Meaning that as light 
intensity increases the growth rate decreases (Carvalho et al., 2011; Sorokin and Krauss, 1958).  
 
Figure 1.4: Schematic of the P vs I curve. The region from Ic to Is is the light independent region, 
from Is to Ih is the light saturation region and after Ih this is the photoinhibition region. Image 
adapted from Carvalho et al. (2011). 
 
When photoinhibition occurs it has been found that the Photosystem II is the primary 
target of the damage and leads to the reduction of photosynthetic processes such as oxygen 
evolution or CO2 uptake (Han et al., 2000; Rubio et al., 2003; Tschiersch and Ohmann, 1993; 
Vonshak et al., 1996). Photoinhibition commonly occurs when the surface exposed cells receive 
an excess amount of light and must thermally dissipate a majority of the photons to avoid 
radiation damage; although the cells close to the center of the photobioreactor may be light 
limited (Sforza et al., 2012). To limit the onset of photoinhibition, intermittent or flashing of 
light can be used to lower light intensity (Grobbelaar et al., 1996; Nedbal et al., 1996; Sforza et 
al., 2012; Xue et al., 2011). Xue et al. (2011) found that under certain light/dark frequencies 
ranging from 0.01 to 20 Hz. the specific growth rate of Spirulina platensis increased with 





Models can relate irradiance level to microalgae growth. A very common model used is 
the Steele’s kinetics model (Steele, 1962). This model describes the specific growth rate of an 
exponential function that peaks at the optimum irradiance (Iopt), which gives the maximum 
specific growth rate (max) and declines at higher and lower irradiance levels. The Steele’s 
kinetic model is represented by eq. 1.8: 








            (1.8) 
where  (d-1) is the specific growth rate, Ia (mol m
-2 s-1) is the average scalar irradiance, Iopt 
(mol m-2 s-1) is the optimum irradiance that gives the maximum specific growth rate (max). The 
model is applied to moderate density cultures and shows that when the irradiance is increased 
beyond the optimal irradiance level the specific growth rate of the microalgae declines (Steele, 
1962). Other models that describe the relationship between irradiance level and growth rate have 
been developed (Table 1.2) (Acién Fernández et al., 1999). The models in Table 1.2 can be used 
for different applications. For example, only equations 4 and 5 account for photoinhibition. For 
more dense cultures the Grima et al. (1994) model can be applied.  
Table 1.2: Different models used to describe the relationship between irradiance level and 
growth rate. Adapted from Acién Fernández et al. (1999). 
 
 Equation Reference 
1 𝜇 =  
𝛼𝜇𝑚𝑎𝑥𝐼
𝜇𝑚𝑎𝑥 +  𝛼𝐼
 (Tamiya et al., 1953) 
2 𝜇 =  𝜇𝑚𝑎𝑥 (1 − 𝑒
−
𝐼
𝐼𝑚𝑎𝑥) (Oorschot, 1955) 




 (Bannister, 1979) 
4 
𝜇 =  
𝜇𝑚𝑎𝑥𝐼















Microalgae species do not all have the same optimum irradiance level for growth. 
Although many species seem to have their optimum growth rate around 400 mol m-2 s-1. 
Selenastrum minutum was found to have an optimum growth rate at an irradiance level of 420 
mol m-2 s-1, while Coelastrum microporum and Cosmarium subprotumidum grew best at 400 
mol m-2 s-1 (Bouterfas et al., 2002). Chlorella was found to grow best at 350 mol m-2 s-1 (Yan 
and Zheng, 2013). Nannochloropsis salina has been shown to experience photoinhibition at 
irradiance levels higher than 150 mol m-2 s-1 (Sforza et al., 2012). Spirulina platensis has been 
found to grow best at an irradiance level of 3000 mol m-2 s-1, but the light source was a red 
LED (Wang et al., 2007). 
1.4 Culture Systems 
 
Practical methods of large scale cultivation of microalgae are open systems (such as 
raceway ponds), closed systems (photobioreactors) or hybrid systems (combination of open and 
closed systems) (Chisti, 2007; Rusch and Malone, 1998).  
1.4.1 Open Systems 
 
Open systems are a common way to cultivate microalgae. These systems are 
advantageous because of the simplicity, cheap construction crops and easy maintenance or 
operation. Open systems can be divided into natural waters, such as lagoons, lakes or ponds, and 
artificial ponds or containers. Raceway ponds are among the most common artificial open system 
designs (Pulz, 2001; Singh and Sharma, 2012). These raceway ponds are recirculating closed 
loop channels with depths between 0.2 and 0.5 meters. These ponds are usually built in concrete 
and in some cases compacted earth. A paddlewheel provides the mixing and circulation of the 
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algae. Algae broth and nutrients are circulated through the channels. Input of CO2 is from the 
surrounding air, so no outside source is needed (Brennan and Owende, 2010; Chisti, 2007).  
With exposure to the natural environment, a common criticism for open systems is their 
vulnerability to contamination. Other criticisms of open systems are that they can consume large 
amounts of land and display significant evaporative water losses. Another important limitation 
for open systems is the uneven exposure of light throughout the water column. When the 
concentration of microalgae is very high the cells at the surface are exposed to an oversaturation 
of light; whereas the cells at the bottom at light deprived (Pulz, 2001; Sing et al., 2013; Singh 
and Sharma, 2012). However, this problem can be solved with mixing. With the high threat of 
contamination, open pond systems require highly selective environments for the cultivation of 
monocultures. Examples of stable mono-algal cultures include Chlorella sp. in high nutrient 
environments, Dunaliella salina in high salinity environments and Arthrospira in high alkalinity 
environments (Brennan and Owende, 2010; Sing et al., 2013). While the cost and maintenance is 
low, open systems provide lower biomass productivity than closed systems or photobioreactors 
(Brennan and Owende, 2010; Scott et al., 2010).  
1.4.2 Closed Systems 
 
Photobioreactors are designed to more easily cultivate a monoculture compared to an 
open system because the threat of contamination is minimized. Additionally, advantages of 
photobioreactors include: control over environmental parameters (pH, temperature, CO2 input), 
reproducible environmental conditions and increase in biomass concentration (Pulz, 2001; Suh 
and Lee, 2003). Different types of photobioreactors are flat-plate, tubular, vertical-column and 
internally-illuminated. The tubular photobioreactors are the most common. Tubular 
photobioreactors consist of an arrangement of tubes made from glass or plastic that can be 
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arranged vertically, horizontally, inclined or helically (Singh and Sharma, 2012). The tubes are 
exposed to the sunlight allowing for a more even distribution of sunlight throughout the algae 
culture. Culture water inside the tubes are re-circulated with a pump or an airlift system. The re-
circulation also allows for gas exchange and prevents sedimentation from occurring (Brennan 
and Owende, 2010; Chisti, 2007; Ugwu et al., 2008).  
1.4.3 Hybrid Systems  
 
A solution to the contamination possibilities in open systems and the complexity, along with 
strict control in closed systems can be a combination of both in a continuous closed bioreactor. A 
hybrid system can be used to take advantage of both open and closed systems. An example of a 
hybrid system is a hydraulically integrated serial turbidostat algal reactor (HISTAR) that was 
developed at Louisiana State University. The HISTAR system is a continuous closed bioreactor 
for the mass production of algae and designed to eliminate or minimize the foreign contaminates 
(Rusch and Malone, 1998).  HISTAR utilizes the advantages of open and closed systems by 
hydraulically linking a turbidostat to a series of open-top, continuous-flowed stirred-tank reactors 
(CFSTRs).   
There are two turbidostats that are completely enclosed and inject fresh, contaminant free 
inoculum into the first CFSTR. The inoculum flow rate can be delineated by Qtb, additionally a 
mixture of culture media and water is injected into the first CFSTR with a flow rate of Qf. These 
flow rates create a hydraulic gradient between the CFSTRs and moves the algae through the 
system (Benson et al., 2007). The local dilution rate for each individual CFSTR can be defined 
as: 




-1) is the local dilution rate for CFSTR n (per day), QT (m
3 day-1) is the total flow 
rate , where QT = Qtb + Qf, Qtb (m
3 day-1) is the flow from the turbidostats, Qf (m
3 day-1) is the 
flow from the culture media and water mixture and Vn (m
3) is the volume of CFSTR n (Rusch 
and Michael Christensen, 2003). One distinct advantage of this system is its ability to eliminate 
the cultivation of invasive species, by selecting a local dilution rate for the CFSTRs higher than 
the net specific growth rate of the contaminants. If a contaminant growth does occur within a 
single CFSTR, the contaminant is washed from reactor n-1 to reactor n before an exponential 
increase can occur (Rusch and Michael Christensen, 2003).  
The actual growth of the microalgae culture is controlled by the system dilution rate:  
𝐷𝑠 =  𝑄𝑇 / ∑ 𝑉𝑛
𝑁
𝑛=1                        (1.10) 
where Ds (day
-1) is the system dilution rate per day and N is the total number of CFSTRs. An 
increase in productivity results from an increase in Ds up to a certain point and then production 
quickly decreases to a new steady state level. A decrease in Ds will result in an increase of 
CFSTRs, in which stagnation will occur in the later reactors resulting in a decrease in 
productivity (Rusch and Michael Christensen, 2003).  
A secondary advantage of the HISTAR system over open and closed systems is the 
ability to control the light regime. Closed systems have the problem of becoming too dense and 
no light is able to penetrate to the center (Acién Fernández et al., 1999). Open systems also have 
the problem of light limitation in dense cultures. A solution would be to reduce the thickness of 
the system but this would cause lower biomass areal yields (Pulz, 2001). HISTAR is able to 
control the exposure of algae to light by: controlling the depth of the culture, mixing rate, system 
dilution rate, culture density and distance of the lamp from the culture (Benson et al., 2007).  
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1.5 Research Objectives 
The goal of this study was to determine the effects of light quality and light quantity on the 
growth kinetics of the Louisiana native Chlorella vulgaris/Leptolyngbya sp.co-culture. The 
objectives of this study are as followed: 
1) Determine if there is a species composition shift in the co-culture at different irradiance 
levels 
2) Determine which wavelength distribution yields the highest biomass and growth rate on 
the Louisiana native co-culture at 400 µmol m-2 s-1.  
3) Determine the effects of irradiance level from the chosen wavelength distribution from 
Objective 2, and white light on the growth rate, biomass, lipid content and chlorophyll-a 
content of the Louisiana co-culture. 
4) Determine the effects of dilution rate on the biomass productivity and the effect of light 
penetration on the species composition of the co-culture 
1.6 Thesis Organization 
This thesis is organized into six chapters. Chapter 1 introduces background information on 
microalgae, light quality, light quantity and culture systems. Chapters 2, 3 and 4 are organized in 
preparation for three journal articles. Chapter 2 addresses the topic of light quality, chapter 3 
discusses the effects of light quantity and chapter 4 looks at dilution rates and light penetration in 
a large scale system. Chapter 5 is a discussion of the results and how chapters 2, 3 and 4 relate to 
each other. Chapter 6 addresses the overall conclusions along with recommendations of the work 






2. Impact of Light Quality on a Native Louisiana Chlorella vulgaris/Leptolyngbya 
sp. Co-culture 
2.1 Introduction 
Global demand of petroleum fuels are projected to increase by 40% by 2025; therefore 
alternative energy sources will be needed to help support this growth (Hirsch et al., 2006). 
Biofuels, fuels derived from biomass, are an option as a renewable carbon neutral energy source 
(Ghasemi et al., 2012).  First generation biofuels consist of feedstocks such as rapeseed, palm oil 
and sunflowers; however the main problem is they adversely impact global food markets and 
cause food scarcity (Ahmad et al., 2011). Second generation biofuels include non-food 
feedstocks such as jatropha, mahua, jojoba oil, waste cooking oils and animal fats. While second 
generation biofuels do not affect the global food markets, the abundance of them would not be 
sufficient enough to replace or supplement the current energy source (Ahmad et al., 2011; Naik 
et al., 2010). Third generation biofuels are derived from microalgae and are considered to be a 
potentially viable alternative energy source (Dragone et al., 2010). The potential biodiesel from 
microalgae is significantly higher (58,700 – 136,900 L ha-1)  than the next highest land based 
crop, oil palm (5,950 L ha-1) (Chisti, 2007). Other advantages of using microalgae as a biofuel 
sources are: higher growth rates than other biofuels sources; oil content in microalgae can exceed 
80% of the dry weight of biomass; they do not compete for land with food crops; can be grown 
in environments unsuitable for other crops; capable of growing year round (Brennan and 
Owende, 2010; Chisti, 2007).  
Since microalgae are photosynthetic organisms, light, particularly light quality 
(wavelength distribution) and light intensity have been studied to determine its effects on growth, 
biomass and lipid content (Atta et al., 2013; Hultberg et al., 2014; Ravelonandro et al., 2008; Shu 
et al., 2012; Teo et al., 2014). Traditional methods of testing light intensity used fluorescent 
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light, with a broad wavelength distribution (Shu et al., 2012).  More recently light emitting-
diodes (LEDs) are being used light sources because they provide a narrow wavelength 
distribution, are more efficient and dissipate less heat (Schulze et al., 2014). In most studies 
either red or blue light produced the best results (Atta et al., 2013; Chen et al., 2010a; Das et al., 
2011; Hultberg et al., 2014; Shu et al., 2012; Wang et al., 2007). However, some studies have 
found other colors are more favorable. Green light at high intensities was found to have the 
highest biomass and biomass productivity in Spirulina platensis (Ravelonandro et al., 2008). 
Orange light was found to produce the highest growth rate in Chlorella vulgaris as compared to 
red (Mohsenpour et al., 2012).  
It has been established that different environmental factors such as nitrogen levels, 
temperature and salinity can significantly affect lipid content in microalgae (Bai et al., 2013; 
Brennan and Owende, 2010; Converti et al., 2009; Wahidin et al., 2013). Another environmental 
factor that increases lipid content is light. Blue light has been found to induce higher lipid 
content in Chlorella species (Atta et al., 2013; Shu et al., 2012). An increase light intensity has 
been shown to increase lipid content in Dunaliella salina and Phaeodactylum tricornutum 
(Kurpan Nogueira et al., 2014; Weldy and Huesemann, 2007) .  
While most studies look at single strains, mixed cultures of microalgae have been shown 
to produce higher biomass and lipid content (Prathima Devi et al., 2012; Venkata Mohan et al., 
2011). Advances in co-cultures of microalgae and bacteria have produced promising results. For 
example bacteria Azospirillum brasilense grown with Chlorella vulgaris showed an increase in 
pigment and lipid content, as well as increased growth (de-Bashan et al., 2002; Gonzalez and 
Bashan, 2000).  
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In this study a Louisianan native co-culture of microalgae and cyanobacteria was used. 
This co-culture has been found to be resistant to changing conditions such as extreme pH and 
temperature shifts. It has been found that this co-culture has higher growth rates than the 
microalgae grown in monoculture (Silaban, 2013). Additionally, under certain light conditions 
the co-culture can shift its species composition from microalgae dominant to cyanobacteria 
dominant. This study focuses on examining the effects of different wavelength distributions on 
the growth of this Louisiana co-culture. 
2.2 Materials and Methods 
The impact of different wavelength distributions (blue, green, red and white) at two 
irradiance levels on the major growth factors of a microalgae and cyanobacteria co-culture was 
studied in batch cultures.  
2.2.1 Co-culture Species 
This Louisiana co-culture that was isolated from College Lake on the Louisiana State 
University campus in Baton Rouge, LA. The co-culture was a mix of Chlorella vulgaris 
(microalgae) and Leptolyngbya sp. (cyanobacteria).  The co-culture roughly 97% microalgae and 
3% cyanobacteria, was maintained in the laboratory under fluorescent lighting with an 
approximate light intensity of 250 µmol m-2 s-1. Stock co-cultures were grown in sterilized 
nanopure water with Bold’s Basal Medium (BBM) containing NaNO3 (2.94 mM), CaCl2∙2H2O 
(0.17 mM), MgSO4∙7H2O (0.3 mM), K2HPO4 (0.43 mM), KH2PO4 (1.29 mM), NaCl (0.43 mM), 
P-IV metal solution (2 mM Na2EDTA·2H2O, 0.36 mM FeCl3·6H2O, 0.21 mM MnCl2·4H2O, 
0.0037 mM ZnCl2, 0.0084 mM CoCl2·6H2O, 0.017 mM Na2MoO4·2H2O), vitamin B12, biotin 
vitamin and thiamine vitamin. 
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2.2.2 Experimental Design 
The experiment was conducted in a triplicate random block two factorial design 
(wavelength distribution and irradiance level). The levels for irradiance were two (80 and 400 
µmol m-2 s-1) and 4 wavelength distributions (blue – 467 nm, green – 522 nm, red – 640 nm and 
white – narrow peak at 450 nm and a broad peak from 500 to 700 nm). These irradiance levels 
were chosen based on previous research with this co-culture that showed a maximum growth rate 
for the co-culture at 400 µmol m-2 s-1 and a shift from microalgae dominant to cyanobacteria 
dominant at or below 80 µmol m-2 s-1 (Silaban, 2013). Wavelength distributions for the four 
colors are displayed in Figure 2.1. The wavelength distributions were found using a Jaz Ocean 
Optics spectrometer. Light-emitting diodes were used as light sources. Light intensity was 
measured using a light sensing logger LI-COR 1400 with a LI-193 Underwater Spherical 
Quantum Sensor attached to it. LED lights were coiled around plastic mesh and placed inside 
cylindrical chambers made from galvanized steel flashing (Figure 2.2). Irradiance levels were 
adjusted by blocking excess light with aluminum foil. 
Wavelength (nm)






Figure 2.1: Wavelength distributions of the four colors used in this experiment. 
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Triplicate 2 L Erlenmeyer flasks with 1100 mL of BBM were used to maintain the co-
culture. The initial cell count was about 300 ± 75 cells µL-1. The temperature was maintained at 
25 ± 2 °C with a recirculating water bath. Continuous aeration at 0.24 LPM was supplied to each 
experimental flask. The pH was maintained by manually adding CO2 at 2% (v/v) to the air 
supply when the pH was above 9 and was reduced to a pH between 7.5 and 8. Initial and final 
measurements of nitrate (mg L-1), nitrite (mg L-1), orthophosphates (mg L-1) and biomass (mg L-
1) were obtained. Daily measurements were cell counts, optical densities, temperature and pH. 
Cell counts (cells µL-1) measured with a BD Accuri® C6 Flow Cytometer (excitation wavelength 
of 488 nm and the fluorescence emission filter wavelength of 670 nm long pass). Optical density 
absorbance was taken at a wavelength of 664 nm using a HACH® DR4000 spectrophotometer. 
Growth rates for the comparison between 80 and 400 µmol m-2 s-1 were calculated using the cell 







               (2.1) 
where µ* is the growth rate (d-1) based on cell counts,  N1 is the initial cell counts during the 
exponential phase, N2 is the final cell counts during the exponential phase at time t1 and t2 
respectively. 
The irradiance level that produced more microalgae cells along with a higher biomass 
was further analyzed for chlorophyll-a and lipid content. Biomass for each day was calculated 
using an optical density to biomass calibration curve. Growth curves were prepared (days vs 
biomass) to determine the maximum growth rate of the co-cultures during the exponential phase. 
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This growth rate was calculated using the biomass found from the optical density to biomass 






                              (2.2) 
where µ is the growth rate (d-1) based on biomass, X1 is the initial biomass during the 
exponential phase, X2 is the final biomass during the exponential phase at time t1 and t2 
respectively. 
                    
Figure 2.2: LEDs coiled around the plastic mesh (left image). Experimental setup showing the 
cylidrical chambers made from a steel sheet 0.5 mm thick (right image). 
Chlorophyll-a content was determined following the Standard Methods for the 
Examination of Water and Wastewater method number 10200 H using a Turner TD4000 
flurometer (APHA, 2005).  
Lipid content was evaluated using the Nile Red method utilizing the flow cytometer to 
determine the lipid content by mean fluorescent intensity (MFI) as described by Cirulis et al. 
(2012). Briefly, a stock Nile Red stain was made by dissolving Nile Red powder with acetone for 
a concentration of 1 mg mL-1. This stock was then diluted further with acetone to make a 
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solution of Nile red at a concentration of 200 µg mL-1. This 200 µg mL-1 is used to stain co-
culture samples at a working concentration of 2 µg mL-1 with a cell concentration of about 2,000 
cells mL-1 and measuring the MFI 30 minutes after being stained. Nile red is excited by a blue 
laser at 488 nm and its fluorescence is detected using a filter with a peak emission of 585 ± 20 
nm.  
Figure 2.3 shows a flow cytometer graph that distinguishes between stained and 
unstained microalgae cells. The lipid content was calculated from the MFI using a calibration 
curve. A five point calibration curve (min: 15.5 % lipid content max: 37% lipid content) was 
made with lipid content found using the Folch et al. (1957) and its corresponding MFI. The 
calibration curve produced an r2 = 0.9649.  
 
Figure 2.3: Flow cytometer graph showing the distinction between microalgae stained with Nile 
Red dye (box P1) and microalgae not stained (box P5).  
The light attenuation was studied to determine how the light intensity changed with 
respect to the co-culture biomass between the different wavelength distributions. Light 
attenuation was measured at 400 μmol m-2 s-1. Five biomass concentrations (72, 209, 447, 646 
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and 832 mg L-1) were used, with DI water being used as biomass concentration of 0.0 mg L-1. 
The light intensity was measured with a LI-COR 1400 and a LI-193 USQS. To measure the light 
intensity the sensor was placed in the center of the flask. 
Light attenuation coefficients, which represents the rate at which light intensity decreases 
as the culture density increases were calculated by eq. 2.3: 
𝐼𝐷 =  𝐼𝑤𝑒
−𝑘𝑏𝑋                         (2.3) 
where ID is the light intensity (μmol m
-2 s-1) at a specific culture density, Iw is the light intensity 
(μmol m-2 s-1) of clear water with no culture, X is the biomass concentration (mg L-1) of the co-
culture and kb is the light attenuation coefficient (L mg
-1). In this study the value of Iw was 400 
μmol m-2 s-1. 
2.2.3 Distinguishing between Microalgae and Cyanobacteria  
Microalgae and cyanobacteria cells were distinguished by their different pigments using a 
flow cytometer with two fluorescence filters, one to detect chlorophyll-a (emission wavelength > 
640 nm) and one to detect phycocyanin (emission wavelength of 650 nm). Both microalgae and 
cyanobacteria have chlorophyll-a; however cyanobacteria also has phycocyanin, which 
microalgae does not. The chlorophyll-a filter is excited by a blue laser at 488 nm and detects 
fluorescence at 670 nm and above. The phycocyanin filter is excited by a red laser at 640 nm and 
detects fluorescence at 675 ± 12.5 nm.  The chlorophyll-a filter is labeled FL3 and the 
phycocyanin filter is labeled FL4 (Figure 2.4). Figure 2.4 shows how the flow cytometer is used 
to distinguish microalgae cells from cyanobacteria cells. Chlorophyll-a is also excited by the red 
laser and fluoresces in the red region which is why the microalgae cells in Figure 2.4 have a high 
fluorescence intensity in both the x and y axis. 
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Figure 2.4: Flow cytometer graphs showing a microalgae dominant co-culture (left image) and a 
cyanobacteria dominant co-culture (right image). The y-axis labeled FL3-A was used to detect 
chlorophyll-a fluorescence and the x-axis labeled FL4-A was used to detect phycocyanin 
fluorescence. The left image shows a strong microalgae population enclosed by P3. The right 
image shows a higher population of cyanobacteria (P2) as compared to microalgae (P3).   
2.2.4 Statistics 
Statistical analysis was performed using SAS 9.4. To determine the difference in the 
growth under 80 and 400 μmol m-2 s-1 a two way ANOVA was used. The two way ANOVA 
tested the effects of color and light intensity on growth rate and biomass. Comparisons were 
done using Tukey’s adjustment method with a p <0.05 being considered as a significant 
difference.  
The light intensity that was chosen as the best for the growth of microalgae was analyzed 
for significant differences in growth rates, biomass, lipid content and chlorophyll-a content using 
a single factor ANOVA. Significant differences between the different colors were determined 
using the Tukey test with a p <0.05 being considered as a significant difference. 
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2.3 Results and Discussion 
2.3.1 Growth under Irradiance Level 80 and 400 μmol m-2 s-1 
Results from batch cultures grown at 80 μmol m-2 s-1 showed a species composition shift 
from microalgae dominant to cyanobacteria dominant. Figure 2.5 shows the growth curves, 
according to cell counts, for the various wavelength distributions. For each wavelength 
distribution C. vulgaris (microalgae) was the dominant species at Day 1 (inoculation) and after 
Day 6 Leptolyngbya sp. (cyanobacteria) became the dominant species (Figure 2.5). Species 
composition shift in terms of cell counts from Day 1 until and the final day when cultures were 
harvested can be found in Table 2.1.  
The dominance of cyanobacteria under low intensities is consistent with the research of 
others (Havens et al., 1998; Mur et al., 1999). The shift to a cyanobacteria dominant species 
under low light follows the work found by Källqvist (1981) that studied the diatoms Asterionella, 
Diatoma and Synedra and the cyanobacteria Planktothrix in a Norwegian lake . Källqvist (1981) 
found that at depths less than 1 meter the diatoms grew faster than the cyanobacteria; however at 
depths below 3 meters, where there is low light intensity only the cyanobacteria grew. A study 
by Van Liere (1979) also showed that low light intensities cyanobacteria outcompetes 
microalgae. Van Liere (1979) found that at low light intensity of 1 W m-2 the cyanobacteria 
Planktothrix agardhii had a higher growth rate than the microalgae Scenedesmus protuberans. 
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Figure 2.5: Growth curves of C. vulgaris (microalgae) and Leptolyngbya sp. (cyanobacteria) at 
80 μmol m-2 s-1 under the different wavelength distributions, 1a) blue light, 1b) green light, 1c) 
red light, 1d) white light. Microalgae growth curves were fitted with a Gaussian curve and 
cyanobacteria growth curves were fitted with a sigmoidal curve. 
Growth under 400 μmol m-2 s-1 showed no shift species composition because the higher 
light intensity was more favorable for the growth of C. vulgaris than Leptolyngbya sp. Growth 
curves of the co-culture at 400 μmol m-2 s-1 under the different colors can be seen in Figure 2.6. 
Microalgae cell counts were consistently higher than the cyanobacteria cell counts at 400 μmol 
m-2 s-1. Towards the end the cyanobacteria cell count started to increase, most likely due to the 
high biomass concentration causing low light penetration. Another reason for the increase in 
cyanobacteria cells could be the decline in nitrate concentration. Final nitrate concentrations 
were below 1.0 mg L-1, which can inhibit microalgae growth; however the cyanobacteria are able 
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to fix nitrogen (N2) from the air to use as a nitrogen source. By fixing N2 the cyanobacteria are 
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Figure 2.6: Growth curves of C. vulgaris (microalgae) and Leptolyngbya sp. (cyanobacteria) at 
400 μmol m-2 s-1 under the different wavelength distributions, 1a) blue light, 1b) green light, 1c) 
red light, 1d) white light. Microalgae growth curves were fitted with sigmoidal curves and 
cyanobacteria curves were fitted with exponential growth curves.  
Table 2.1 displays the growth rates (microalgae and cyanobacteria) based on cell counts, 
final biomass and the cell counts (microalgae and cyanobacteria) at the start and end of the 
experiment. Final microalgae cell counts under 400 μmol m-2 s-1 were substantially higher than 
under 80 μmol m-2 s-1 (Table 2.1). A two way ANOVA for microalgae growth rates showed that 
light intensity (p = 0.0016) and color (p = 0.026) had a significant effect but the interaction 
between light intensity and color (p = 0.0835) did not have a significant effect on microalgae 
growth rates. The highest microalgae growth (μ*micro) rate (0.51 d
-1) was found under white light 
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at 400 μmol m-2 s-1 (Table 2.1). Red light would appear to have the highest growth rate at 400 
μmol m-2 s-1 because it has the highest cell count (Figure 2.6); however it has the lowest growth 
rate. This could be attributed to the co-culture acclimating to the red light much more quickly 
than the other colors. This can be seen in the shorter lag phase under the red light (3 days) as 
compared to the other colors (4-5 days) (Figure 2.6). This shorter lag phase allowed the 
microalgae to quickly replicate at the start of the experiment and then during the exponential 
phase have larger cell count values, but smaller increases in cell counts. This small increase in 
cell counts attributed to a lower growth rate. Whereas, the other colors had low cell counts until 
the exponential phase where the cell counts increased by a larger amount. These large increases 
in cell counts attributed to higher growth rates.  
Table 2.1: Average ± standard deviations for growth rates (based on the cell counts), biomass 
and cell concentrations for samples grown at 80 and 400 μmol m-2 s-1. μ*micro is the microalgae 
growth rate,  μ*cyano is the cyanobacteria growth rate, Xfinal is the final biomass concentration, Ci 
is the cell concentration at initial biomass, Cf is the cell concentration at final biomass. For Ci 
and Cf the number on top represents C. vulgaris and the number on bottom represents 
Leptolyngbya sp. Excluded from this table are the cyanobacteria filament growth. 
Irr. Lvl 
(μmol m-2 s-1) 
Growth 
Parameter 
Blue Green Red White 
80 μ*micro (d
-1) 0.42 ± 0.11ab 0.23 ± 0.01b 0.33 ± 0.08ab 0.33 ± 0.08ab 
400 μ*micro (d
-1) 0.45 ± 0.03a 0.42 ± 0.02ab 0.35 ± 0.03ab 0.51 ± 0.10a 
80 μ*cyano (d
-1) 0.56 ± 0.12a 0.78 ± 0.10a 0.72 ± 0.08a 0.58 ± 0.03a 
400 μ*cyano (d
-1) 0.66 ± 0.12a 0.66 ± 0.20a 0.67 ± 0.08a 0.69 ± 0.10a 
80 Xfinal (mg L
-1) 100 ± 26c 27 ± 29c 63 ± 35c 63 ± 21c 
400 Xfinal (mg L
-1) 747 ± 95b 767 ± 31b 913 ± 31a 760 ± 35b 










































*Same letters indicate no significant difference (p <0.05). Separate two way ANOVAs were run 
for μ*micro, μ
*
cyano, and Xfinal. 
A two way ANOVA for cyanobacteria growth rates (μ*cyano) showed that there was no 
significant difference between the color (p = 0.8261), light intensity (p = 0.3252) and the 
interaction between color and light intensity (p = 0.2245). One reason for this could be the large 
standard deviations. Another reason could be that cyanobacteria started to form filaments at 80 
μmol m-2 s-1 and these filaments are too large of a particle for the flow cytometer to measure. 
These filaments contain massive amounts of cells, which is why the final cell count for 
cyanobacteria at 80 μmol m-2 s-1 is underestimated in Table 2.1.  
Values for μ*cyano are larger than μ
*
micro values at 80 and 400 μmol m
-2 s-1. Higher μ*cyano 
values under 80 μmol m-2 s-1 are likely due to the species composition shift from microalgae 
dominant to cyanobacteria dominant. However, a species composition shift was not observed at 
400 μmol m-2 s-1. While μ*cyano is higher than μ
*
micro at 400 μmol m
-2 s-1 the microalgae cell 
counts were always higher than the cyanobacteria cell counts (Figure 2.6). An interesting 
observation is that the cyanobacteria final cell count is higher at 400 μmol m-2 s-1 as compared to 
80 μmol m-2 s-1 but there was no shift in composition at 400 μmol m-2 s-1. A reason for this could 
be that cyanobacteria cells at 80 μmol m-2 s-1 formed filaments that were too large to be detected 
by the flow cytometer. Therefore, the final cyanobacteria cell count at 80 μmol m-2 s-1 maybe 
lower than the actual cell count. 
A two way ANOVA for final biomass showed that light intensity (p < 0.001), color (p = 
0.0111) and the interaction between light intensity and color (p = 0.0064) had a significant effect. 
Red light at 400 μmol m-2 s-1 had the highest final biomass (913 mg L-1) and was significantly 
higher than all other intensities/colors. All the wavelength distributions at 400 μmol m-2 s-1 had 
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higher biomass than 80 μmol m-2 s-1. When final biomass was taken at 80 μmol m-2 s-1 it was 
mainly cyanobacteria, whereas at 400 μmol m-2 s-1 it was predominantly microalgae. From the 
data collected, it was decided that for microalgae production, growth at 400 μmol m-2 s-1 was 
optimal because there was no species composition shift, the microalgae cell count as well as 
biomass was substantially higher than 80 μmol m-2 s-1. Therefore, co-culture samples at 400 
μmol m-2 s-1 were evaluated further for lipids and chlorophyll-a content.  
2.3.2 Growth under Irradiance Level 400 μmol m-2 s-1 
Growth curves, according to biomass, for the various wavelength distributions are shown 
in Figure 2.7. There are many types of growth models that are used to describe the growth of 
microorganisms (Zwietering, 1990). Two very common models are the logistic and Gompertz 
models. The logistic growth model was applied to the growth curves of the co-culture grown 
under the different color of lights. The logistic model used is represented by the eq. 2.4:  
𝑋 =  
𝑋𝑚𝑎𝑥
1+ 𝑒𝑎−𝜇𝑡
                         (2.4) 
where X (mg L-1) is the co-culture biomass at time t (day), Xmax (mg L
-1) is the maximum 
biomass achieved (carrying capacity), a is a constant value in the model which dictates the 
relative position from the origin and µ (d-1) is the growth rate of the co-culture. The maximum 
biomass calculated from eq. 2.4 can be found in Table 2.2. Interestingly the logistic model 
produced a very low r2 value for the green light growth curve compared to r2 > 0.98 for the other 
colors. This is why in Table 2.2 for green light the Xmax is “N/A”. The Gompertz model was also 
applied to the green light growth curve and produced a very low r2 value as well. This may be 
due to the fact that there is no clear distinction between the exponential phase of the graph and 
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the stationary phase. The logistic model defines three distinct sections: the lag phase at the 
beginning, the exponential phase in the middle and the stationary phase at the end of the curve. 
Single factor ANOVA showed that the wavelength distribution had a significant effect (p 
= 0.0182) on final biomass. Co-cultures grown under red light had the highest final biomass (913 
mg L-1) and it was significantly higher than final biomass production under blue, green and white 
light (Table 2.2). Red light also had the highest biomass productivity (95 mg L-1 d-1) and this was 
significantly higher (p = 0.0016) than productivity at the other wavelength distributions. White, 
blue and green had very similar biomass productivities, because their respective final biomass 
concentrations and growth durations were all relatively similar.   
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Figure 2.7: Biomass growth curves for the co-culture at 400 μmol m-2 s-1 under four wavelength 
distributions fitted with a logistic growth curve. The dashed line represents the growth curve for 
the green light that was not found using the logistic model. 
Single factor ANOVA showed that the different wavelength distributions had a 
significant effect (p = 0.0005) on the specific growth rates. Growth rates were calculated with 
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biomass using eq. 2.2. Co-cultures grown under red light had the highest specific growth rate 
(0.41 d-1) and it was significantly higher than growth rates under white, green and blue light 
(Table 2.2). Blue light had the lowest growth rate, biomass and biomass productivity. This 
interesting because blue light was found to produce the highest growth rate and biomass 
productivity in Chlorella vulgaris (Blair et al., 2013). 
 These results are similar to those of Yan et al. (2013) and Xu et al. (2013) which found 
that red light promoted the highest growth rate and produced the highest biomass in C. Vulgaris 
compared to the other wavelength distributions. Wang et al. (2007) also found that red light was 
the optimal wavelength for the growth of Spirulina platensis. Red light being the optimum 
wavelength for growth in this study is logical because the chlorophyll in green microalgae has a 
strong absorption peak in the red region between 630-675 nm (Richmond, 2004). The peak 
wavelength emission of the red LED, 640 nm, used in this study falls within this absorption 
region.  
Table 2.2: Average and standard deviations of growth rates based on biomass (μmax), final 
biomass (Xfinal), biomass productivity (Xprod.) lipid content, chlorophyll-a content (Chl-a) and 
energy per mole of photon for co-culture samples grown at 400 μmol m-2 s-1. Xmax was calculated 
from eq 2.4. The energy listed for white light are calculated from the two peaks in its wavelength 
distribution. 
 
Blue Green Red White 
Xfinal (mg L
-1) 747 ± 95b 767 ± 31b 913 ± 31a 760 ± 35b 
Xmax (mg L
-1) 724 N/A 912 754 
Xprod. (mg L
-1 d-1) 70 ± 9b 72 ± 3b 95 ± 4a 73 ± 3b 
μmax (d
-1) 0.27 ± 0.012b 0.28 ± 0.029b 0.41 ± 0.023a 0.33 ± 0.035b 
Lipid Content 
(% dry biomass) 
19.57 ± 1.38a 18.08 ± 0.87a 19.71 ± 2.39a 18.11 ± 2.06a 
Chl-a (μg L-1) 1108 ± 191b 1649 ± 197a 729 ± 61b 1155 ± 228b 
Energy  
(kJ (mol photon)-1) 
256 229 187 
266 
218 
*Same letters indicate no significant difference (p <0.05) 
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Table 2.2 shows the energy per mole of photon for each wavelength distribution. Red 
light has the lowest energy at 187 kJ (mol photon-1); whereas blue has the highest at 256 kJ (mol 
photon)-1. Energy from white and green light are in the middle. Energy from light is important 
for the start of photosynthesis. To initiate photosynthesis a photon of light must excite an 
electron in a chlorophyll-a molecule from the ground state to the first excited energy state 
(Carvalho et al., 2011). The energy associated in the red region (680-700 nm) is optimal for 
photosynthesis because it has the required energy to excite an electron from the ground state to 
the first excited energy state. A photon excited to the first energy state has enough energy to 
initiate photosynthesis (Carvalho et al., 2011; Matthijs et al., 1996). Shorter wavelengths, less 
than 450 nm, will excite an electron from the ground state to the second excited energy level. At 
this second energy level, the electron will need to lose energy in the form of heat or fluorescence 
to move down to the first energy level to start photosynthesis (Carvalho et al., 2011). The peak 
wavelength emission of the red light (640 nm) used in this study is very close to the wavelength 
energy range (680-700 nm) needed to initiate photosynthesis. Whereas, the blue and white light 
max peaks (467 and 450 nm respectively) used in this study are associated with higher energy 
causing a delayed start to photosynthesis. The higher biomass and growth rates under red light 
found in this study support the idea that red light is the optimum light for photosynthesis.  
The lipid content between the different wavelength distributions was not significantly 
different (p = 0.7349), although red light produced the highest lipid content (19.71 %). The 
results show that green light promotes more chlorophyll-a content. Single factor ANOVA 
showed that the different wavelength distribution had a significant effect (p = 0.0019) on the 
chlorophyll-a (chl-a) content. Green light produced the highest chl-a content (1649 μg L-1) and 
was significantly higher than the other wavelength distributions (Table 2). Blue and white light 
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have very similar average chl-a content and were not significantly different. This may be due to 
white light having a strong peak in the blue region, which is similar to the blue light (Figure 2.1). 
Red light produced the lowest chl-a content and was not significantly different than blue or white 
light. These results coincide with Mohsenpour and Willoughby (2013), that found that C. 
vulgaris grown under green light had higher chl-a production than other wavelength 
distributions. Green light was also found to induce higher chl-a content in Gloeothece 
membranacea, (Mohsenpour et al., 2012).  
Chl-a has strong absorption peaks in the red and blue region of the visible light spectrum. 
Light outside these two absorption peaks are not effectively absorbed by chl-a. Since chl-a is the 
main pigment that absorbs light in microalgae different wavelength distributions can affect the 
amount of chl-a produced. Microalgae utilize red light most efficiently and therefore do not need 
to produce as much chl-a to absorb red light photons. Green light is highly reflected by 
microalgae and has low penetration ratio of chlorophyll. Therefore, it has lower rates of 
absorption and photosynthetic efficiency (Park et al., 2012). When the light source has a 
wavelength distributions centered on the green light region more chl-a is produced in order to 
absorb more photons to initiate photosynthesis.  
2.3.3 Light Attenuation at 400 μmol m-2 s-1 
As microalgae grow and become more dense light penetration is reduced due to mutual 
shading (Suh and Lee, 2003). Light attenuation was studied with the four wavelength 
distributions at 400 μmol m-2 s-1 (Figure 2.8). Blue light showed the largest decline in light 
intensity at the highest optical density compared to the other colors. This results in blue light 
having the highest light attenuation coefficient (kb) as compared to the other colors (Table 2.3). 
Green light showed the smallest decline in light attenuation and had the smallest kb value. This 
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supports the fact that green light is reflected most by green microalgae (Yeh and Chung, 2009). 
Red and white light have very similar light attenuation and kb values.  
Table 2.3: Light attenuation coefficients (kb) for the different wavelength distributions at 400 
μmol m-2 s-1. 








































Figure 2.8: Light attenuation for the four wavelength distributions at 400 μmol m-2 s-1.   
To determine the absorbance peaks of this co-culture, an absorption spectrum was 
measured using a HACH® DR 6000 spectrophotometer. Figure 2.9 shows that the co-culture has 
two large peaks corresponding to the blue and red region. The blue region absorbance is 
noticeably larger than the red region, meaning that the co-culture absorbs more blue light than 
red light. As a result, blue light will be attenuated more than any other color, which correlates to 
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a higher light attenuation coefficient. This absorbance peak explains why white light attenuates 
more so than red, because it has a large peak in the blue region. 
Wavelength (nm)


















Figure 2.9: Absorbance spectrum of the co-culture shows more blue light is absorbed as 
compared to other colors.  
2.4 Conclusions 
Light is an important aspect of photosynthesis in microalgae. This study looked at the 
effects of two irradiance levels and four different wavelengths on a native Louisianan co-culture. 
It was found that at 80 μmol m-2 s-1 the co-culture species will shift from microalgae dominant to 
cyanobacteria dominant after 6 days in all four wavelength distributions. The growth of 
microalgae in terms of cell counts and biomass was significantly higher at 400 μmol m-2 s-1 than 
80 μmol m-2 s-1. Therefore, 400 μmol m-2 s-1 was evaluated to determine the optimum wavelength 
distribution. Red light had significantly higher growth rate (0.41 d-1) according to biomass, 
biomass (913 mg L-1) and biomass productivity (95 mg L-1 d-1) at 400 μmol m-2 s-1 compared to 
the other colors. This indicates that red light was the optimum wavelength to grow this co-culture 
and would be an ideal color to use for biofuel production. Red light had the lowest growth rate 
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according to cell counts; however this was due to the co-culture having a smaller lag phase as 
well as higher cell counts during the exponential phase under red light as compared to the other 
colors. Lipid content was similar under all wavelength distributions and it was found that there 
was no significant difference. Chl-a was highest under green light; whereas the culture grown 
under red light had the lowest. Blue light promoted the largest light attenuation coefficient, while 















3. Impact of Irradiance Levels for Red and White Light on the Growth of a Native 
Louisiana Chlorella vulgaris/Leptolyngbya sp. Co-culture 
 
3.1 Introduction 
Global concern for alternative sources of energy are increasing and biofuels from 
microalgae are a leading candidate to replace or supplement the existing non-renewable energy 
sources (Chisti, 2008). Microalgae can produce higher lipid content than other land based  crops, 
with common lipid content between 20-50% by weight of dry biomass and up to 80% under 
certain environmental conditions (Chisti, 2007). Higher lipid content can be achieved when the 
microalgal cell is exposed to environmental conditions that induce stress such low nutrient 
levels, high light intensities and varying salinity levels and temperature (Brennan and Owende, 
2010).  Other advantages of microalgae compared to oil crops include higher growth rates, 
ability to grow year round, amount of water needed is less and the ability to grow in harsh 
environments (Chisti, 2007; Singh and Gu, 2010).  
Growth of microalgae requires nutrients (nitrogen and phosphorus), a carbon source 
(usually CO2) and a light source (Richmond, 2004). Light is one of the main factors that can 
affect the growth parameters of microalgae. Light can be broken down into light quality (light 
wavelength) and light quantity (light intensity) (Shu et al., 2012). Traditional light sources in 
microalgae research are fluorescent, incandescent, high pressure sodium or metal halide bulbs. 
However, these sources have a broad range of wavelengths. Light emitting-diodes (LEDs) are a 
more efficient light source because they have narrow wavelength distributions and low energy 
consumption (Yan et al., 2013). Microalgae utilize light between 400 – 700 nm and this region is 
known as the photosynthetic active radiation (PAR) (Barsanti and Gualtieri, 2006). LEDs can be 




Effects of LED lights on microalgae have varying results. Red light has been observed to 
induce the highest dry cell weight and nutrient removal efficiency in Chlorella vulgaris; have the 
highest specific growth rate and biomass accumulation in Spirulina platensis, additional studies 
have found red light be the optimum wavelength (Wang et al., 2007; Xu et al., 2013; Yan et al., 
2013; Zhao et al., 2013). Blue light has been shown to produce the highest specific growth rate in 
Nannochloropsis sp., as well as being optimal for lipid productivity in a mixed culture of 
Chlorella vulgaris and Saccharomyces Cerevisiae (Das et al., 2011; Shu et al., 2012). Blue light 
can help in the regulation of gene transcription, the activation of enzymes and can help repair 
cells damaged by red light in plants and microalgae (Atta et al., 2013; Ruyters, 1984). Green 
light was found to produce the highest biomass productivity along with biomass concentration in 
Spirulina platensis (Ravelonandro et al., 2008). While there in no optimum wavelength 
distribution to grow all species of microalgae, most studies have found either blue or red to give 
the best results. This is logical because microalgae’s main photosynthetic pigment, chlorophyll-a, 
has absorption peaks in the red and blue regions (Teo et al., 2014). 
Light intensity or irradiance level can be split into two categories: incident, which is light 
that is directed downward or scalar, which is light coming from all directions (Gutierrez‐Wing et 
al., 2012; Weyer et al., 2010). The relationship between light intensity and microalgae growth 
can be represented by a Photosynthetic rate vs Irradiance curve, also called the P vs I curve 
(Sorokin and Krauss, 1958). The P vs I curve can be broken into three parts. The first part is 
known as the light-dependent region which describes an increase in growth rates with an increase 
in light intensity. The second part is known as the light saturation region, which shows that as 
light intensity increases, microalgae growth rate does not increase. The last part is known as the 
photoinhibition region, which conveys how light intensity and microalgae growth rates are 
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inversely proportional. Meaning as light intensity increase, the growth rate decreases (Carvalho 
et al., 2011; Sorokin and Krauss, 1958). 
Unialgal cultures are most commonly studied; however interactions in co-cultures 
between microalgae and other microorganisms, such as bacteria or cyanobacteria have been 
researched (de-Bashan et al., 2002; Gonzalez and Bashan, 2000; Mur et al., 1999; Park et al., 
2008). The bacteria Azospirillum brasilense has been found to increase growth rate, lipid content, 
as well as pigment in Chlorella species when compared to the single algal strain (de-Bashan et 
al., 2002; Gonzalez and Bashan, 2000). There are few studies focusing on the interactions 
between microalgae and cyanobacteria. Källqvist (1981) showed under certain light limiting 
conditions cyanobacteria growth faster than microalgae. More in depth research into the 
interaction between microalgae and cyanobacteria co-cultures is needed as a better understanding 
of their interaction would benefit towards biomass, lipid or pigment production.  
In this study two wavelength distributions and seven irradiance levels were used to 
determine the effects of light quality and light quantity on a native Louisiana co-culture 
microalgal/cyanobacterial species. This co-culture has been found to be resistant under changing 
conditions such as extreme pH and temperature shifts. It has been found that this co-culture has 
higher growth rates than the microalgae grown in monoculture. Growth rates, lipid content, 
chlorophyll-a along with biomass production were monitored to determine the impact of light 
intensities in conjunction with wavelength distribution on the co-culture.  
3.2 Materials and Methods 
The impact of seven light intensities along with two wavelength distributions was studied 
on the growth parameters of a microalgae and cyanobacteria co-culture in batch cultures.  
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3.2.1 Co-culture Species 
This Louisiana co-culture that was isolated from College Lake on the Louisiana State 
University campus in Baton Rouge, LA. The co-culture was a mix of Chlorella vulgaris 
(microalgae) and Leptolyngbya sp. (cyanobacteria).  Kept in laboratory conditions under 
fluorescent lighting at an intensity of around 250 µmol m-2 s-1 the co-culture was 97% 
microalgae and 3% cyanobacteria. Stock co-cultures were grown in sterilized nanopure water 
with Bold’s Basal Medium (BBM). 
3.2.2 Experimental Design 
The experiment was conducted in a triplicated random block two factorial design 
(wavelength distribution and irradiance level). The levels for irradiance were seven (180, 400, 
600, 800, 1000, 1200 and 1400 µmol m-2 s-1) and 2 wavelength distributions (red – 640 nm and 
white – narrow peak at 450 nm and a broad peak from 500 to 700 nm) (Figure 3.1). These 
wavelength distributions have been selected based on previous experiments.  Light intensity was 
measured using a light sensing logger LI-COR 1400 with a LI-193 Underwater Spherical 
Quantum Sensor (USQS). LED lights were coiled around plastic mesh then placed inside 
cylindrical chambers made from galvanized steel flashing (Figure 3.2). Irradiance levels were 
adjusted by blocking excess light with aluminum foil.  
Triplicate 1 L Erlenmeyer flasks with 600 mL of BBM were used to maintain the co-
culture. The initial cell count was about 300 ± 75 cells µL-1. The temperature was maintained at 
25 ± 2 °C with a recirculating water bath. Continuous aeration at 0.24 LPM was supplied to each 
experimental flask. The pH was maintained by manually adding CO2 at 2% (v/v) to the air 
supply when the pH was above 9 and was reduced to a pH between 7.5 and 8.  Initial and final 
measurement of nitrate (mg L-1), nitrite (mg L-1), orthophosphates (mg L-1) and biomass (mg L-1) 
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were obtained. Cell counts (cells µL-1) with a BD Accuri® C6 Flow Cytometer (excitation 
wavelength of 488 nm and the fluorescence emission filter wavelength of 670 nm long pass), 
optical density absorbance was taken at a wavelength of 664 nm (HACH® DR4000 
spectrophotometer), temperature and pH were measured daily. Biomass for each day was 
calculated using an optical density to biomass calibration curve. Growth curves were prepared 
(days vs biomass) to determine the maximum growth rate of the co-cultures during the 
exponential phase. 
Wavelength (nm)




Figure 3.1: Wavelength distributions of the red and white LEDs. The figure shows the peak at 
640 nm for the red light and a narrow peak at 450 nm and a wide peak centered on 550 nm for 
the white light. 
 






                     (3.1) 
where X1 is the initial biomass during the exponential phase, X2 is the final biomass during the 
exponential phase at time t1 and t2 respectively. The co-culture samples were kept until one day 
after the onset of the stationary phase according to the cell concentration. 
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Figure 3.2: Experimental set up showing the cylindrical chambers made from the steel sheet 0.5 
mm thick (right image) and the plastic mesh with the LED lights coiled around it (left image). 
 
Chlorophyll-a content was determined following the Standard Methods for the 
Examination of Water and Wastewater method number 10200 H using a Turner TD4000 
flurometer (APHA, 2005). Lipid content was evaluated using the Nile Red method utilizing the 
flow cytometer to determine the lipid content by mean fluorescent intensity (MFI) as described 
by Cirulis et al. (2012). Briefly, a stock Nile Red stain was made by dissolving Nile Red powder 
with acetone for a concentration of 1 mg mL-1. This stock was then diluted further with acetone 
to make a solution of Nile red at a concentration of 200 µg mL-1. This 200 µg mL-1 is used to 
stain co-culture samples at a working concentration of 2 µg mL-1 with a cell concentration of 
about 2,000 cells mL-1 and measuring the MFI 30 minutes after being stained. Nile red is excited 
by a blue laser at 488 nm and its fluorescence is detected using a filter with a peak emission of 
585 ± 20 nm.  
Figure 3.3 shows a flow cytometer graph that distinguishes between stained and 
unstained microalgae cells. The lipid content was calculated from the MFI using a calibration 
curve. A five point calibration curve (min: 15.5 % lipid content max: 37% lipid content) was 
made with lipid content found using the Folch et al. (1957) and its corresponding MFI. The 





Figure 3.3: Flow cytometer graph showing the distinction between microalgae stained with Nile 
Red dye (box P1) and microalgae not stained (box P5).  
 
The specific growth rates were plotted against the various irradiance levels to relate the 
effect of light intensity to growth rates. A common model used to describe this relationship is the 
Steele’s kinetic model (Steele, 1962). This model describes the growth rate of an exponential 
function that peaks at an optimum irradiance (Iopt), which gives the maximum specific growth 
rate (µmax) and then declines at higher or lower light intensities. The Steele’s equation can be 
represented by the following equation: 








        (3.2) 
where  (d-1) is the specific growth rate, Ia (mol m
-2 s-1) is the average scalar irradiance, Iopt 
(mol m-2 s-1) is the optimum irradiance that gives the maximum specific growth rate (max). 
 
The light attenuation was studied to determine how the light intensity changed with 
respect to the co-culture biomass between the different wavelength distributions. Light 
attenuation was measured at the various irradiance levels with different biomass concentrations. 
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Five biomass concentrations (72, 209, 447, 646 and 832 mg L-1) were used, with DI water being 
used as biomass concentration of 0.0 mg L-1. The light intensity was measured with a light 
sensing logger LI-COR 1400 and a LI-193 Underwater Spherical Quantum Sensor. Light 
attenuation coefficients, which represent the rate at which light intensity decreases as the culture 
density increases were calculated using the following equation: 
𝐼𝐷 =  𝐼𝑤𝑒
−𝑘𝑏𝑋                        (3.3) 
where ID is the light intensity (μmol m
-2 s-1) at a specific culture density, Iw is the light intensity 
(μmol m-2 s-1) of DI water with no culture, X is the biomass concentration (mg L-1) of the co-
culture and kb is the light attenuation coefficient (L mg
-1). In this study the values for Iw were 
180, 400, 600, 800, 1000, 1200 and 1400 μmol m-2 s-1. 
3.2.3 Distinguishing between Microalgae and Cyanobacteria  
 
A flow cytometer was used to distinguish between microalgae and cyanobacteria cells by 
their different pigments. Two fluorescence filters on the flow cytometer were used to 
differentiate the cells, one to detect chlorophyll-a (emission wavelength > 640 nm) and one to 
detect phycocyanin (emission wavelength of 650 nm). Chlorophyll-a is present in both 
microalgae and cyanobacteria; however cyanobacteria has phycocyanin, which microalgae does 
not. The chlorophyll-a filter is excited by a blue laser at 488 nm, which detects fluorescence at 
670 nm and above. The phycocyanin filter is excited by a red laser at 640 nm and detects 
fluorescence at 675 ± 12.5 nm.  The chlorophyll-a filter is labeled FL3 and the phycocyanin filter 
is labeled FL4 (Figure 3.4). Figure 3.4 shows how the flow cytometer is used to distinguish 
microalgae cells from cyanobacteria cells. Chlorophyll-a is also excited by the red laser and 
fluoresces in the red region which is why the microalgae cells in Figure 3.4 have a high 
fluorescence intensity in both the x and y axis. 
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Figure 3.4: Flow cytometer graphs showing a microalgae dominant co-culture (left image) and a 
cyanobacteria dominant co-culture (right image). The y-axis labeled FL3-A was used to detect 
chlorophyll-a fluorescence and the x-axis labeled FL4-A was used to detect phycocyanin 
fluorescence. The left image shows a strong microalgae population enclosed by P3. The right 
image shows a higher population of cyanobacteria (P2) as compared to microalgae (P3).   
3.2.4 Biomass Yield on Light energy and Photosynthetic Efficiency Equations 
To determine the efficiency of light utilization by the co-culture for biomass, the biomass 
yield on light energy was calculated by eq. 3.4 (Janssen et al., 2003): 






                       (3.4) 
where Ydw,E is the biomass yield on light energy (g(mol photon)
-1), Pdw is the biomass 
productivity (g m-3 d-1), PFDd is the daily irradiance (mol m
-2 d-1), V is the volume of the media 
used (0.0006 m3) and A is the surface area of the culture in the flask (0.0208 m2).  
 To determine the ability of the co-culture to convert light energy (red or white light) into 
stored energy as biomass the photosynthetic efficiency was calculated by eq. 3.5 (Pulz and 
Scheibenbogen, 1998): 
𝑃𝐸 =  𝑌𝑑𝑤,𝐸 ∗  
𝐶𝐵
𝐸
∗ 100%              (3.5) 
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where PE is the photosynthetic efficiency (%), CB is the caloric content of the co-culture, which 
was reported as 21.32 kJ g-1 for this co-culture (Silaban, 2013), E is the conversion factor from 
scalar irradiance to energy input (kJ (mol photon)-1). 
For the red light, the energy input (E) or Emol was approximated using the peak 
wavelength of the light source, in this case red light. The following equations are used to find 
Emol: 
 = c/                           (3.6) 
where  is the peak wavelength emission (m),  is the frequency (s-1) and c is the speed of light 
(2.998 * 108 m s-1). The peak wavelength emission for red was 640 nm.   
Ephoton = h               (3.7) 
where Ephoton is the energy for one photon (J), h is Plank’s constant (6.626 * 10
-34 Js).  
Emol = Ephoton*Av              (3.8) 
where Emol is the energy of one mole of photon (kJ (mol photon
-1)), Av is Avogadro’s number 
(6.022 * 1023 mol-1).  
Since white light had two peak emissions, the energy for this wavelength distribution was 
found differently than red light. The distribution was divided into two sections (blue – peak 
emission of 450 nm and yellow – peak emission 550 nm). The energy (kJ) of each section was 
found using a Jaz Ocean Optics spectrophotometer and from this energy the number of moles 
were found using by dividing the total energy (kJ) by the energy of one mole per photon (kJ(mol 
photon)-1) for the peak wavelength. Then the percentage of moles in each section was calculated 
and applied to each irradiance level to determine how many moles m-2 s-1 was in each section of 
the distribution. The surface area (m2) was multiplied by the moles m-2 s-1 to determine the 
energy in each section (kJ d-1). The energy of each section was summed together to get the total 
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energy (kJ d-1) at each irradiance level. The photosynthetic efficiency was found using the total 
energy (kJ d-1), biomass productivity (g m-3 d-1), volume of media used (m-3) and the caloric 
content (kJ g-1). 
3.2.5 Statistics 
To determine statistical differences between red and white light a two way ANOVA was 
performed using SAS 9.4. A two-way ANOVA tested the effects of color and light intensity on 
growth rate, biomass, biomass productivity, chlorophyll-a, lipid content, biomass yield on light 
energy and photosynthetic efficiency. Comparisons between the treatments were done using 
Tukey’s adjustment method, with a p <0.05 being considered as a significant difference.  
3.3 Results and Discussion 
3.3.1 Growth rates under Red and White Light  
Growth rates for the co-culture were found to be higher under red light for all irradiance 
levels except 800 µmol m-2 s-1, where it was the same. Red light at 1000 µmol m-2 s-1 produced 
the highest growth rate of 0.47 d-1 (Table 3.1). The highest growth rate under white light was 
0.39 d-1 at 800 µmol m-2 s-1 (Table 3.1). Two-way ANOVA found that light intensity (p <0.0001) 
and light color (p <0.0001) had a significant effect on growth rates. However, the interaction 
between intensity and light (p = 0.1471) color did not have a significant effect on growth rates. 
Higher growth rates under red light indicated that the co-culture was more effective at using red 
light for growth as compared to white light. 
Other authors have found that red light produced higher growth rates in C. vulgaris and 
Spirulina platensis (Wang et al., 2007; Xu et al., 2013; Yan et al., 2013). Red light is favorable 
to microalgae growth because the chlorophyll-a in microalgae has a strong absorption peak in the 
red region (Carvalho et al., 2011). Additionally, red light is the most efficient light source for 
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photosynthesis because it has the required energy to initiate photosynthesis (Matthijs et al., 
1996). The energy of the red light used in this study is 187 kJ (mol photon)-1 with a peak 
emission at 640 nm. The energy of the two peak emissions of 450 nm and 550 nm in white light 
were 266 and 218 kJ (mol photon)-1 respectively. Energy from the red region between 680-700 
nm is optimal for the initiation of photosynthesis because it excites an electron from the ground 
state to the first excited energy level. The excitation of an electron to the first energy level is 
sufficient to start photosynthesis (Carvalho et al., 2011). Energy associated with the peak 
wavelength emission of red light used in this study is very close to the to the wavelength needed 
to start photosynthesis, which is why red light is more efficient.  
Shorter wavelengths, less than 450 nm, are associated with more energy; therefore it 
excites a photon to the second energy level. At the second energy level, the photon needs to 
dissipate the excess energy as heat or fluorescence to drop to the first energy level and begin 
photosynthesis; therefore making it less efficient (Carvalho et al., 2011). White light is less 
effective than red light because the energy from the blue peak in the white light has a higher 
energy resulting in a delay of photosynthesis.  
Table 3.1: Growth rates (average ± standard deviations) for the co-culture grown under red and 




(µmol m-2 s-1) 
Red White 
180 0.19 ± 0.017ed 0.17 ± 0.007e 
400 0.41 ± 0.023ab 0.33 ± 0.035bc 
600 0.39 ± 0.054ab 0.36 ± 0.049ab 
800 0.39 ± 0.012ab 0.39 ± 0.081ab 
1000 0.47 ± 0.032a 0.37 ± 0.048ab 
1200 0.37 ± 0.035ab 0.30 ± 0.054bcd 
1400 0.31 ± 0.035bcd 0.24 ± 0.022ecd 
  *Same letters indicate no significant difference (p <0.05) 
56 
 
Various models have been used to relate light intensity to microalgae growth rate. A 
common model used is the Steele’s kinetics model (Steele, 1962). This model fits well with the 
growth rates found in this study because it captures the rise and fall of the growth rates under red 
(r2 = 0.80) and white (r2 = 0.91) light relatively well. From the Steele’s curve for red light the 
µmax was determined to be 0.43 d
-1 and the Imax was 750 µmol m
-2 s-1. White light was determined 
to have a µmax of 0.37 d
-1 and an Imax of 693 µmol m
-2 s-1. 
Interestingly, growth under both light sources plateaus and then increases (Figure 3.5). 
Under red light the growth rate plateaus at 600 and 800 µmol m-2 s-1, then increases at 1000 
µmol m-2 s-1 by 0.008 d-1 (Figure 3.5). While the plateau is more pronounced under red light, the 
growth under white light plateaus at 400 and 600 µmol m-2 s-1, then increases at 800 µmol m-2 s-1 
by 0.003 d-1. Common P vs. I curves have growth rates increasing with increasing light intensity 
until photoinhibition is reached (Sorokin and Krauss, 1958). In this study it appears that 
photoinhibition occurred at 800 µmol m-2 s-1 under red light and 600 µmol m-2 s-1 under white 
light because of the decline/leveling off in growth rates. However, as light intensity kept 
increasing the growth rates did not decrease. Photoinhibition under red light occurred at 1200 
µmol m-2 s-1 and 1000 µmol m-2 s-1 under white light. 
This growth rate plateau may involve an interaction between C. vulgaris and 
Leptolyngbya sp. that is not yet understood. Moreover, this growth pattern may be induced more 
by red light because of the more pronounced increase in growth rate as compared to white light. 
A similar growth pattern was found with this co-culture when using high performance sodium 
(HPS) lights (Silaban, 2013). HPS lights have a large wavelength distribution in the red region 
that incorporates the wavelength distribution of the red LEDs used in this experiment. The white 
light used in this study only has a small portion of its distribution in the red region, most of it is 
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in the blue region. The large peak in the blue region may be a cause for the smaller plateau under 
white light as compared to red light.  
Irradiance level ( mol m-2 s-1) 

























Figure 3.5: Growth rate versus irradiance level curves for co-cultures grown under red and white 
light fitted with Steele’s kinetics model.  
 
3.3.2 Biomass and Biomass Productivity under Red and White Light 
 
Two-way ANOVA found that light intensity (p <0.0001) had a significant effect on dry 
biomass; however the light color (p = 0.1903) did not have a significant effect. The interaction 
between light intensity and light color (p = 0.0017) did have a significant effect. The highest 
final biomass under red light was 1,033 mg L-1 at 800 µmol m-2 s-1 and the highest under white 
light was 1,207 mg L-1 at 1000 µmol m-2 s-1. Final biomass was found to be higher under red 
light at irradiances lower than 1000 µmol m-2 s-1. At 1000 µmol m-2 s-1 and above white light 





Table 3.2: Final biomass concentrations (average ± standard deviations) of the co-culture under 





(µmol m-2 s-1) 
Red White 
180 887 ± 61cde 733 ± 80de 
400 913 ± 31bcde 760 ± 35e 
600 947 ± 50bcde 940 ± 20bcde 
800 1033 ± 103abc 1027 ± 70abc 
1000 967 ± 42bcde 1207 ± 76a 
1200 1000 ± 159abcd 1087 ± 70abc 
1400 933 ± 12bcde 1120 ± 151ab 
  *Same letters indicate no significant difference (p <0.05) 
At lower light intensities (800 µmol m-2 s-1 and below) red light had the higher biomass 
and growth rate. However, at higher irradiance levels (above 800 µmol m-2 s-1) white light had a 
higher biomass but lower growth rate. A reason for higher biomass under white light could be 
larger cells. To determine the different cell size, the cells from white and red light were analyzed 
by the flow cytometer. Samples from the flow cytometer were analyzed using the forward 
scattering channel (FSC) and side scattering channel (SSC). The FSC is able to differentiate cell 
size within a given sample and SSC shows the granular content of a cell. The combination of 
FSC and SSC can be used to differentiate different cells. Flow cytometer graphs indicated that 
cells under white light were larger than cells under red light (Figure 3.6). Additionally, actual 
cell sizes were measured from the cells grown at 1400 µmol m-2 s-1 depicted in Figure 3.6. Cells 
under white light had an average area of 15.55 microns2; whereas cells grown under red light had 
an average area of 8.03 microns2. It has been found that light quality can affect microalgae cell 
size. Red light can produce smaller cells by accelerating the cell cycle due to its photosynthetic 
efficiency (Schulze et al., 2014). Koc et al. (2013), found that Chlorella kessleri cells grown 
under blue light were larger than cells grown under red light. The white light used in this study 





Figure 3.6: Cell sizes taken of co-culture grown at 1400 µmol m-2 s-1 showing larger cells under 
white light (right image) compared to smaller cells under red light (left image). Images taken 
using CFlow® Sampler from Accuri®. 
 
 Figure 3.7 shows the biomass growth curves for the co-culture. At 180 and 1400 µmol m-
2 s-1 the growth of the co-culture was much slower and it took longer for the co-culture to reach 
the stationary point compared with the other irradiance levels.   Above 180 and below 1400 µmol 
m-2 s-1 the co-culture was able to reach the stationary phase between 8 and 11 days under both 
light sources. For quicker growth, light intensities should be between 400 – 1200 µmol m-2 s-1. 
Two-way ANOVA showed that light intensity (p <0.0001) and the interaction between 
light color and light intensity (p = 0.0324) had a significant effect on biomass productivity. 
However, light color (p = 0.3198) did not have a significant effect. Although there was no 
significant difference between red and white, at 1000 µmol m-2 s-1 the highest biomass 
productivity (115 mg L-1 d-1) was found under white light, which correlates to the highest 
biomass. The highest biomass productivity under red light was 110 mg L-1 d-1 at 1000 µmol m-2 
s-1, which corresponds to the highest growth rate (Table 3.3).  
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There was no significant difference in biomass productivity between the two colors. 
However, C. vulgaris grown under red light has been found to maximize biomass productivity 
(Fu et al., 2012) as well as be the least efficient in biomass production (Mohsenpour et al., 2012).  
A difference between these two studies was the light source. Fu et al. (2012) used LEDs with a 
peak wavelength distribution of 660 nm; whereas Mohsenpour et al. (2012) used fluorescent 
dyed acrylic sheets as a filter. This study used LEDs with a similar peak wavelength emission 
(640 nm) as Fu et al. (2012) and found that red light induced a higher or similar biomass 
productivity as compared to white light, except at 800 µmol m-2 s-1.  
Table 3.3: Biomass productivity (average ± standard deviations) of the co-culture under red and 





(µmol m-2 s-1) 
Red White 
180 61 ± 4e 63 ± 3de 
400 95 ± 4abcd 73 ± 3cde 
600 104 ± 13abc 89 ± 3abcde 
800 77 ± 5cde 98 ± 10abc 
1000 110 ± 13ab 115 ± 21a 
1200 96 ± 13abc 94 ± 19abcd 
1400 80 ± 2bcde 82 ± 15abcde 
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Figure 3.7: Growth curves for the co-culture under red (black dots) and white (white dots) at a) 




3.3.3 Biomass Yield on Light Energy and Photosynthetic Efficiency under Red and White 
Light 
 
 Biomass yield on light energy (Ydw,E) was determined to be the highest under 
white at 180 µmol m-2 s-1 with a value of 0.117 g (mol photon)-1 which was statistically higher 
than the other Ydw,E values from all other irradiance levels/colors except red light at 180 µmol m
-
2 s-1. The highest biomass yield on light energy under red light was 0.113 g (mol photon)-1. A 
two way ANOVA found that light intensity (p <0.0001) and the interaction between light 
intensity and color (p = 0.0004) had a significant effect on Ydw,E. However the light color (p = 
0.2460) did not have a significant effect. Red light had higher Ydw,E values as compared to white 
light at all irradiance levels except 180, 800 and 1000 µmol m-2 s-1 (Figure 3.8). Biomass yield on 
light energy depends upon biomass productivity and not wavelength distribution. Therefore a 
higher biomass productivity from Table 3.3 will correspond to a higher Ydw,E. Under both 
wavelength distributions the biomass yield on light energy decreases as the irradiance level 
increases.  
Red light was found to be the most efficient light source to growth this co-culture based 
on photosynthetic efficiency. Photosynthetic efficiency (PE) was found to be highest under red 
light as compared to white light at all irradiance levels except 800 µmol m-2 s-1 (Figure 3.9). A 
two way ANOVA found that light intensity (p <0.0001), light color (p <0.0001) and the 
interaction between light intensity and light color (p <0.0001) had a significant effect on PE. The 
highest photosynthetic efficiency was 1.29% under red light at 180 µmol m-2 s-1. Under white 
light the highest photosynthetic efficiency was 1.08% at 180 µmol m-2 s-1. Similar to the biomass 
yield on light energy the photosynthetic efficiency decreased as the irradiance level increased. 
While some values for biomass yield on light energy were higher under white, a majority of the 
values for PE were higher under red light because PE depends on the energy associated with the 
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peak wavelength emission. The energy for red was 187 kJ (mol photon)-1 and the energy for the 
two peaks in white light were 266 and 218 kJ (mol photon)-1. PE and energy from the peak 
wavelength emission are inversely proportional. Therefore, red light has higher PE values 
because of the lower energy. Weyer et al. (2010) proposed that a theoretical maximum PE to be 
26.7; however more common values are between 3-6% (Sudhakar and Premalatha, 2012). PE 
values found from this study are lower but comparable to the more common PE values between 
3-6%.  
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Figure 3.8: Biomass yield on light energy of the co-culture under red and white light. Red and 
white light fitted with a logistic curve (red r2 = 0.982, white r2 = 0.985). 
 
The PE values found in this study suggest that the 180 µmol m-2 s-1 under red light is the 
most efficient light source to grow the co-culture based on photosynthetic efficiency alone. 
However, growth at 180 µmol m-2 s-1 takes the longest to reach the stationary phase, has the 
lowest growth rate, lowest biomass/biomass productivity as well as the lowest lipid content. A 
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more suitable irradiance level would be 400 µmol m-2 s-1 under red light because of the 
significant increase in growth rate, biomass productivity and lipid content as compared to 180 
µmol m-2 s-1. 
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Figure 3.9: Photosynthetic efficiency of the co-culture under red and white light. Red and white 
light fitted with a logistic curve (red r2 = 0.982, white r2 = 0.985). 
 
3.3.4 Chlorophyll-a Content under Red and White Light 
White light had higher chl-a content than red light at all light intensities. The highest 
chlorophyll-a (chl-a) content of 1,874.3 µg L-1 was obtained at 180 µmol m-2 s-1 under white light 
(Table 3.4). The highest chl-a content under red light was 1,434.3 µg L-1 at 180 µmol m-2 s-1. 
Two-way ANOVA found that light intensity (p <0.0001) and light color (p <0.0001) had a 
significant effect on chl-a production. However, the interaction between light intensity and light 
(p = 0.7771) color did not have a significant effect on chl-a production. Chl-a content under red 
started to level after 1200 µmol m-2 s-1, whereas chl-a content under white light continued to 
65 
 
decrease. Chl-a content under red light above 1200 µmol m-2 s-1 stopped decreasing because the 
co-culture produced the minimum concentration of chl-a needed to survive. It’s most likely that 
light intensities above 1400 µmol m-2 s-1 under red light would induce photobleaching.   
Table 3.4: Chlorophyll-a content (average ± standard deviation) of the co-culture under red and 
white light at various irradiance levels. 
 
Chl-a content (µg L-1) 
Irradiance Level 
(µmol m-2 s-1) 
Red White 
180 1434.3 ± 115.5ab 1874.3 ± 675.3a 
400 729.3 ± 61.1cde 1154.8 ± 228.4bcd 
600 685.4 ± 31.8cde 1244.5 ± 140.4bc 
800 225.5 ± 51.4e 560.5 ± 137.3ed 
1000 205.2 ± 16.6e 485.6 ± 97.7e 
1200 184.5 ± 40.8e 446.9 ± 17.3e 
1400 189.8 ± 80.8e 395.9 ± 79.2e 
 *Same letters indicate no significant difference (p <0.05) 
Chl-a content in both wavelength distributions is highest at 180 µmol m-2 s-1 and declines 
as the light intensity increases (Table 3.4). Kebede and Ahlgren (1996) also found that as light 
intensity increased, chl-a decreased in the cyanobacteria Spirulina platensis. In a study, He et al. 
(2015) found that Chlorella sp. grown at 40 µmol m-2 s-1 had a higher chl-a content than when 
grown at 400 µmol m-2 s-1. Higher chl-a content is found at lower light intensities because more 
chl-a is produced to capture more light to start photosynthesis (Anderson et al., 1995). As light 
intensity increases more light is available for photosynthesis and less chl-a is needed to capture 
the photons, resulting in lower chl-a content. Light quality also has an effect on the chl-a content 
(Table 3.4). Red light has been shown to be a more efficient light source for this particular co-
culture. Under red light the co-culture is able to produce less chl-a to capture photons to start 
photosynthesis because it is more efficient than white light.  
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3.3.5 Lipid Content under Red and White Light 
Nutrient limitation that induces stress, is a common way to increase lipid accumulation; 
however, varying light intensity has also been found to influence lipid content in microalgae 
(Cheirsilp and Torpee, 2012; Lv et al., 2010). Two way ANOVA found that light intensity (p 
<0.0001), light color (p = 0.0055) and the interaction between intensity and light color (p = 
0.0223) had a significant effect on lipid content. The highest lipid content for red and white light 
was 35.37% and 35.14% respectively at 1200 µmol m-2 s-1 and were found to be significantly 
higher than lipid content between 180 and 800 µmol m-2 s-1 (Figure 3.10).  
Increasing light intensity also increases the lipid content up until, 1400 µmol m-2 s-1, 
where it starts to level off or decrease (Figure 3.9). These results follow the same trend of 
Kurpan Nogueira et al. (2014), which found that increasing light intensity also increased lipid 
content in Phaeodactylum tricornutum. Weldy and Huesemann (2007), also found that higher 
light intensities produced higher lipid content in Dunaliella salina. High light intensity increases 
neutral storage lipids as triacylglycerides (TAGs) in microalgae (Sharma et al., 2012). 
Production of neutral lipids or TAGs are used to protect the cell by regenerating the electron 
acceptor pool that gets depleted at high light intensities (Sharma et al., 2012). However, not all 
microalgae species follow this trend, Chlorella sp. was found to have reduced lipid content as the 
light intensity increased (Cheirsilp and Torpee, 2012). Cheirsilp and Torpee (2012) suggested 
that higher light intensities promoted higher growth and the microalgae utilized the energy in the 
lipids to replicate rather than store it. The opposite trend occurred in this study, increased light 




Figure 3.10: Lipid content (average ± standard deviation) of the co-culture under red and white 
light at various irradiance levels. 
 
 Light quality can also effect lipid formation. In this study, light color did have a 
significant effect on lipid content. The white light was found to have higher or similar lipid 
content as compared to red light. Lipid yields (mg L-1 d-1) were calculated using the lipid content 
in Figure 3.10 and the biomass productivity in Table 3.3. The highest lipid yield was 38.1 mg L-1 
d-1 under white light at 1000 µmol m-2 s-1. White light could be used to enhance lipid production, 
particularly at 1000 µmol m-2 s-1 because it has the highest lipid yield as well as a high lipid 
content. 
Higher lipid content along with higher lipid yields under white light may be due to the 
large blue peak in the white distribution. Shu et al. (2012), found that blue light induced higher 
oil formation than red light in a mixed culture of Chlorella sp. and Saccharomyces cerevisiae. 
Pérez-Pazos and Fernández-Izquierdo (2011) also found that blue LEDs produced a higher lipid 
content than red light in Chlorella sp.  Lipid accumulation in microalgae can be linked to the 
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high enzyme activity of ribulose bisphosphate carboxylase/oxygenase (Rubisco) and carbonic 
anhydrase. These two enzymes affect the CO2 rates in microalgae and are influenced by blue 
light. Therefore, more exposure to blue light increases these enzymes and in turn increases lipid 
content (Teo et al., 2014).  
3.3.6 Light Attenuation under Red and White Light 
 To understand how the white and red light attenuates, the light intensity was measured at 
different biomass concentrations.  Figure 3.11 shows the light attenuation curves for the seven 
irradiances used in this study.  Both red and white follow the same trend, as biomass increases 
the light intensity decreases. While both colors have very similar light intensities at each biomass 
interval, white light attenuates more so than red light. This is shown by white having higher light 
attenuation coefficients as compared to red (Table 3.5). This difference is more pronounced at 
the higher light intensities. Additionally, at the lower light intensities the difference between the 
initial and final light intensity are significantly less than the differences at the higher light 
intensities (Figure 3.11).  
Table 3.5 displays the kb values under red and white light at the various irradiance levels. 
The kb values under red light decrease steadily from 180 to 600 µmol m
-2 s-1 and drops quickly at 
800 µmol m-2 s-1, then increases again at 1000 µmol m-2 s-1. The kb values under white decrease 
as well from 180 to 600 µmol m-2 s-1 and then increase at 800 µmol m-2 s-1 and decrease at 1000 
µmol m-2 s-1. This is interesting because around 600 and 800 µmol m-2 s-1 this co-culture 
experienced a plateau in growth rate. It’s possible that there is an interaction between this co-
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Figure 3.11: Light attenuation curves of red and white light at various irradiance levels and 
different biomass concentrations of co-culture. The same y-axis was used. a) 180 b) 400 c) 600 
d) 800 e) 1000 f) 1200 g) 1400 µmol m-2 s-1. At 180, 400 and 600 µmol m-2 s-1 some red and 
white points overlap due to the scale on the y-axis.  
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Table 3.5: Light attenuation coefficients of the co-culture under red and white light at various 





(µmol m-2 s-1) 
Red White 
180 3.390*10-3 3.702*10-3 
400 3.325*10-3 3.594*10-3 
600 3.150*10-3 3.435*10-3 
800 2.870*10-3 4.010*10-3 
1000 3.125*10-3 3.873*10-3 
1200 2.944*10-3 3.928*10-3 
1400 3.119*10-3 4.121*10-3 
       
An absorbance spectrum was taken using a HACH® DR 6000 spectrophotometer to 
determine the absorbance peaks of the co-culture. Figure 3.12 shows that this co-culture has the 
largest absorbance of light in the blue region of the visible light spectrum as compared to red. 
This means that the co-culture absorbs more blue light than red light. Since the white light used 
in this study has a strong peak in the blue region and a peak in the yellow-green region it absorbs 
more of the light and therefore attenuates more than the red light.  
 
Wavelength (nm)


















Figure 3.12: Absorbance spectrum of the co-culture shows more blue light is absorbed as 
compared to other colors. 
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3.3.7 Species Composition under Red and White Light  
 A previous study on this co-culture found that below 80 µmol m-2 s-1 the co-culture 
switched from microalgae dominant to cyanobacteria dominant. In this study, there was no 
species switch to cyanobacteria dominant because minimum light intensity was 180 µmol m-2 s-1. 
Under high light intensities microalgae are able to grow faster than cyanobacteria. Figure 3.13 
displays flow cytometer graphs from different irradiance levels and colors to show that 
microalgae was the dominant species.  
a) b)    
b) d)    
 
Figure 3.13: Flow cytometer graphs at various irradiance levels. Microalgae cell counts are 
represented by P1 box and cyanobacteria cell counts are represented by P2 box. Gray areas 
below the P2 box represent bacteria. a) 80 µmol m-2 s-1 – cyanobacteria the dominant species. b) 
180 µmol m-2 s-1 – microalgae the dominant species. c) 800 µmol m-2 s-1 – microalgae the 
dominant species. d) 1200 µmol m-2 s-1 – microalgae the dominant species. Cells not contained in 




 Figure 3.13a shows a flow cytometer graph where cyanobacteria is the dominant species 
in a study conducted at 80 µmol m-2 s-1. A flow cytometer graph from this study at 180 µmol m-2 
s-1 shows a small population of cyanobacteria, but microalgae is still the dominant species 
(Figure 3.13b). This low intensity of light still favors microalgae growth over cyanobacteria 
growth. At higher irradiances, microalgae area able to grow much faster than cyanobacteria and 
therefore make up a majority of the co-culture as can be seen in Figure 3.13c-d.  
3.4 Conclusions 
 
 This study showed light quality and light quantity had a significant effect on the 
growth, biomass production, biomass productivity, lipid content, chlorophyll-a production, 
biomass yield on light energy and photosynthetic efficiency in the native Louisiana 
microalgae/cyanobacteria co-culture. Red light was found to be the optimum light source to grow 
this co-culture based on the significantly higher growth rates and photosynthetic efficiency. 
Light and color were found to have a significant effect on growth rate, with the highest growth 
rate of 0.47 d-1 at 1000 µmol m-2 s-1 under red light. The highest PE of 1.29% was under red light 
at 180 µmol m-2 s-1, which was significantly higher than other PE values. 
 Intensity was shown to have a significant effect on biomass, with higher light intensities 
(1000, 1200 µmol m-2 s-1) being higher than 180 µmol m-2 s-1. Chl-a content at 180 µmol m-2 s-1 
was found to be significantly higher than the chl-a at the higher light intensities. White light had 
the higher chl-a content than red light. Higher light intensities (above 1000 µmol m-2 s-1) yielded 
significantly more lipids than lower light intensities (below 600 µmol m-2 s-1). Light attenuation 
coefficients were higher under white light as compared to red light due to the blue peak in the 
white light distribution. No species composition shift was observed because the irradiance levels 
were more suited towards microalgae growth. These findings can be used to optimize the growth 
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of this co-culture for growth, biomass, chl-a and the production of lipids. An ideal range to grow 
this co-culture based growth, biomass, productivity, PE and lipid content would be between 400 










































4. Culturing a Louisiana Native Chlorella vulgaris/Leptolyngbya sp. Co-culture in a 
Hydraulically Integrated Serial Turbidostat Algal Reactor 
 
4.1 Introduction 
Microalgae are a possible source for alternative fuels. High lipid production per area and 
the ability to grow year round make microalgae a more suitable candidate for sustainable biofuel 
compared to other land based crops (Klok et al., 2013). It will require 0.53 billion m3 per year of 
oil from microalgae to replace just the United States transportation fuel (Chisti, 2007). To 
accommodate this large amount of biodiesel, large scale production of microalgae must be 
achieved.  These large scale production systems are usually more costly than growing crops; 
however there is a higher lipid return (Chisti, 2007). Large scale cultivation of microalgae can be 
split into two categories, open systems and closed systems.  
 Open production systems are shallow trenches or basins that are exposed to the 
environment (Leite et al., 2013). These types of systems are more commonly used because of 
their simplicity, low construction cost as well as easier maintenance compared to closed systems. 
Common types of open systems include raceway, circular, inclined and unmixed, with the most 
common being a raceway pond powered by a paddle wheel (Leite et al., 2013; Pulz, 2001). 
Typical raceway ponds involve recirculating closed loop channels with depths between 0.2 and 
0.5 meters. A paddlewheel provides the required mixing and circulation to properly agitate the 
algae for growth and productivity (Brennan and Owende, 2010).  Nutrients are inputted in front 
of the paddle to allow them to circulate through the system and the carbon source is normally the 
CO2 from the surrounding air (Brennan and Owende, 2010). Since open systems are exposed to 
the outside environment, they are susceptible to contamination. Other problems include 
uncontrolled environmental factors such as temperature and light, large evaporation losses during 
the day and these systems consume large portions of land (Pulz, 2001; Singh and Sharma, 2012). 
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 Closed systems or photobioreactors are often used to cultivate a single species of 
microalgae, without the threat of contamination from an outside environmental source (Xu et al., 
2009). Other advantages of this system include: the ability to control environmental conditions 
(pH, temperature, CO2) as well as higher biomass yields at the end compared to open systems 
(Suh and Lee, 2003). Photobioreactors are an assortment of large glass or plastic tubes that can 
be arranged horizontally, vertically, inclined or helically. These tubes have a diameter between 
0.2 – 0.5 meters (Brennan and Owende, 2010). An air lift or air pump provides the tubes with the 
proper mixing, aeration and CO2. A limitation of these systems is oxygen build-up (Ugwu et al., 
2008). High dissolved oxygen levels can cause photooxidative damage to the algae cell. Since 
the oxygen cannot be removed from the system, high levels of oxygen will limit the ability of the 
algae to grow. Therefore, it is important to monitor the dissolved oxygen levels because this will 
limit the duration the algae can be maintained in the system (Chisti, 2007). Another limitation is 
the light penetration. At high optical densities, light is unable to penetrate the center of the 
culture (Acién Fernández et al., 1999). Therefore it is necessary for the tubes to be large enough 
to produce a high enough biomass, but not large enough to where the light will dissipate before it 
reaches the center.  
 At Louisiana State University the hydraulically integrated serial turbidostat algal reactor 
(HISTAR) was developed as a continuous flow bioreactor for the large scale production of algae 
and is designed to eliminate the threat of an invasive species overtaking over the culture (Rusch 
and Malone, 1998). The HISTAR is a hybrid system because it incorporates the advantages of 
both open and closed systems by hydraulically linking a sealed turbidostat to a series of open top 
continuous-flow, stirred tank reactors (CFSTRs). The cultivation of an invasive species is 
eliminated by selecting a local dilution rate for the CFSTRs that is higher than the specific 
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growth rate of potential contaminants (Rusch and Michael Christensen, 2003). One unique 
advantage of the HISTAR system is ability to control the light regime throughout the tanks. In an 
open or closed systems the light source (usually the sun) is fixed and difficult to adjust. 
However, in the HISTAR system exposure to light can be controlled by the lamp height, mixing 
rate, system dilution rate, culture density and the depth of the culture (Benson et al., 2007). 
Varying dilution rates will determine the density of the culture plus influence the light 
penetration. A high dilution rate will dilute the culture more yielding a lower biomass, but the 
light will be able to penetrate deeper into the tanks. On the other hand, a low dilution rate will 
yield more biomass but the light will not penetrate as far. 
 This study focuses on controlling the light regime with the system dilution rate in the 
HISTAR system using a native Louisiana co-culture microalgal/cyanobacterial species. This co-
culture has been found to be resistant under changing conditions such as extreme pH and 
temperature shifts. It has been found that this co-culture has higher growth rates than the 
microalgae grown in monoculture. The goal of this experiment is determine how the dilution rate 
effects the biomass productivity of the co-culture.  
4.2 Materials and Methods 
4.2.1 Co-culture Species 
 The co-culture used in this experiment is a Louisiana co-culture that was isolated 
from College Lake on the Louisiana State University campus in Baton Rouge, LA. The co-
culture is a mix of Chlorella vulgaris (microalgae) and Leptolyngbya sp. (cyanobacteria).  The 
co-culture is roughly 97% microalgae and 3% cyanobacteria. Stock co-cultures were maintained 
in sterilized filtered DI water with Bold’s Basal Medium (BBM). Stock cultures were kept in 2 L 
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Erlenmeyer flasks under high performance sodium (HPS) bulbs. Highly concentrated stock 
cultures were used as inoculum for the HISTAR system. 
4.2.2 HISTAR Description 
 The HISTAR system is constructed with two elevated sealed turbidostats (T1 and T2), 
followed by a series of eight CFSTRs that are situated on the ground (Figure 4.1). Each tank is 
circular and measures 114.3 cm in diameter and 55.88 cm in height and made from polyethylene 
(the co-culture height in the tank was 53 cm). The turbidostats are enclosed to maintain a clean 
co-culture and inject inoculum into the first CFSTR with a flow rate Qtb. Along with the 
inoculum, a mixture of water and nutrients are continuously fed into the first CFSTR with a flow 
rate of Qf. The water and inoculum mixture moves through the eight CFSTRs, which act as 
biomass amplification units and creates a hydraulic gradient. The water is filtered through two 1 
micron filters and then flows through a UV light to eliminate any invasive species.  
Agricultural grade nutrients were used in the system and were separated into two tanks: 
one containing MgSO4∙7H2O and K2HPO4 and the other containing NaNO3, CaCl2∙2H2O and 
NaCl. The nutrients were inputted into the filtered water using a peristaltic pump at a rate of 1.6 
mL every 30 seconds. This nutrient water/mixture flows in CFSTR1. Solenoid valves are 
attached to each turbidostat and inject inoculum into CFSTR1 every 10 minutes alternating 
between T1 and T2. The volume in the turbidostats was controlled by a float valve. When the 
volume decreased to a certain level the valve opened up to allow water and nutrients into the 
turbidostat. The injected co-culture flows through the eight CFSTRs and into a holding tank. 
From the holding tank the co-culture flows into a centrifuge which accumulates the biomass as 






Figure 4.1: Image of the HISTAR system showing the two elevated turbidostats (labeled T1 and 
T2), the eight CFSTR (shown with arrows) and the HPS lights. 
 
The series of CFSTRs allows for separation of the dilution rates controlling an individual 
reactor as compared to a single CFSTR. The dilution rate of an individual reactor can be defined 
as the local dilution rate: 
𝐷𝑛 =  
𝑄𝑇
𝑉𝑛
               (4.1) 
where Dn (day
-1) is the local dilution rate for CFSTR n, QT (m
3 day-1) is the total flow, QT = Qtb + 
Qf, Qtb (m
3 day-1) is co-culture flow from the turbidostats,  Qf (m
3
 day
-1) is the nutrient/water 
flow  and Vn (m
3) is the volume of an individual CFSTR. This dilution rate can be manipulated 
so that it is higher than the specific growth rate of a contaminant species. The actual growth of 
the co-culture is controlled by the system dilution rate: 
𝐷𝑠 =  𝑄𝑇/ ∑ 𝑉𝑛
𝑁
𝑛=1               (4.2) 
where Ds (day
-1) is the system dilution rate and N is the total number of CFSTRs, which in this 
study was eight.  
 High performance sodium (HPS) lights were used to illuminate the turbidostats and the 




inches from the surface of the water. Aeration was supplied to the turbidostats and the CFSTRs 
by a 1 HP Sweetwater S-41 blower. The air was disinfected by passing it through a UV light and 
then filtered through a 0.2 micron filter before being injected into the culture. The aeration also 
agitated the culture so it would not settle to the bottom.   
A RUG9TM module (Rugid computer) was used to operate the HISTAR system along 
with monitoring the pH, optical density and temperature of the co-culture in the turbidostats 
outlet and CFSTR8. The module maintains the pH of the by injecting CO2 when the pH is above 
8.5. There were two monitoring points for the pH, one was the injected inoculum coming from 
the turbidostats and the other was the co-culture leaving the system from CFSTR8 into the 
holding tank.  
4.2.3 HISTAR Experiment with Qf = 1 L min-1 
 This experiment looked at a Qf value of 1.0 L min
-1 and compared these results from a 
previous study with the same co-culture at Qf = 0.55 and 1.0 L min
-1 (Silaban, 2013). Light 
attenuation was measured to study the effects light penetration with different biomass 
concentrations and culture depths. Biomass was collected from the centrifuge daily and the wet 
weight was recorded. The wet biomass was preserved in a -20 °C freezer. Each flow rate was 
maintained until the biomass weights leveled off. Once the biomass leveled off, a different Qf 
value was used without stopping the HISTAR system. Other daily measurements of all tanks 
included: optical density absorbance (with a HACH® DR4000 spectrophotometer at λ = 664 nm) 
pH, temperature and conductivity. Daily cell counts of T1, T2, CFSTR1 and CFSTR8 were 
measured with a BD Accuri® C6 Flow Cytometer. Nitrate (mg L-1) and orthophosphates (mg L-1) 




 The growth rate of the co-culture was calculated using eq. 4.3: 
𝜇 =  
(




                         (4.3) 
where XCF1 (g m
-3) is the biomass in CFSTR 1, XCF8 (g m
-3) is the biomass in CFSTR 8 and t (d
-
1) is the time it takes for the culture to flow from CFSTR 1 to CFSTR 8, which in this study was 
3.02 days. The volumetric productivity was determined just for CFSTR 8 because this is the co-
culture that is harvested. The volumetric productivity was calculated using eq. 4.4: 
𝑃𝑣 =  𝑋𝐶𝐹8𝐷𝑠                   (4.4) 
where Pv is the volumetric productivity (g m
-3 d-1), Ds is the system dilution rate. At a Qf = 1 L 
min-1, Ds = 0.34 d
-1. The areal productivity, which gives the productivity of the co-culture over 
the surface area of the tank is calculated using eq. 4.5: 
𝑃𝐴 =  𝑃𝑣𝑑               (4.5) 
where PA is the areal productivity (g m
-2 d-1), d is the depth of the culture, which in this 
experiment was 0.53 meters. 
4.2.4 Light Attenuation Measurements 
 Scalar irradiance was measured using a LI-COR 1400 with a LI-193 Underwater 
Spherical Quantum Sensor (USQS). Since the distribution of light throughout the CFSTRs is not 
uniform, a weighted average was taken to determine the starting light intensity. The initial scalar 
irradiance was conducted with filtered tap water. To determine the light intensity a CFSTR tank 
was divided into 6 vertical slices (5, 10, 15, 20, 25 and 35 cm) and 3 concentric rings. To 
determine the concentric rings, 4 measurements were taken at each depth, one at the center, 
17.78, 35.56 and 55.88 cm away from the center. Scalar irradiance for each ring was determined 
by average the light intensity from two points of the ring multiplied by the surface area of the 
respected ring. For example for the center ring the average scalar irradiance would be average 
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light intensity at the center and 17.78 cm multiplied by the area. For the next ring the average 
scalar irradiance would be the average light intensity at 17.78 and 35.56 cm multiplied by the 
surface area of the ring. The summation of each scalar irradiance determined the weighted sum at 
a specific depth. The average of all the weighted sums over all the depths determined the initial 
scalar irradiance of the tank. 
 Light attenuation coefficients, which represent the decrease in scalar irradiance with an 
increase in depth and biomass concentration were found using the following equations. For clear 
water, water with no biomass in the CFSTRs, the relationship between scalar irradiance and 
depth can be represented by eq. 4.6: 
𝐼𝑧 =  𝐼0𝑒
−𝑘𝑤𝑧               (4.6) 
Where z (cm) is the depth, Iz (μmol m
-2 s-1) is the scalar irradiance at depth = z m, I0 (μmol m
-2 s-
1) is the scalar irradiance at the surface (z = 0 m) and kw (m
-1) is the light attenuation coefficient 
for clear water. For CFSTRs with biomass inside the relationship between scalar irradiance and 
depth can be represented by eq. 4.7 (Benson and Rusch, 2006): 
𝐼𝑧 =  𝐼0𝑒
−𝑘𝑎𝑤𝑧               (4.7) 
Where kaw (m 
-1) is overall light attenuation coefficient (kaw = kw + kaX), ka (m
2 g-1) is the 
biomass light attenuation coefficient and X (g m-3) is the biomass concentration in the CFSTR. 
The mean scalar irradiance with respect to biomass concentration in the tank can be represented 
by eq. 4.8: 
𝐼𝑎 =  𝐼𝑋𝑜𝑒
−𝑘𝑋               (4.8) 
where Ia (μmol m
-2 s-1) is the mean scalar irradiance, Ixo (μmol m
-2 s-1) is the mean scalar 
irradiance for clear water (X = 0 g m-3) and k (m3 g-1) represents the light attenuation coefficient 
that describes the decrease of Ia with the increase in X.  
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4.3 Results and Discussion 
4.3.1 Results from Qf = 1 L min-1 
 Figure 4.2 shows the harvested wet biomass during the 8 day period the HISTAR system 
was operated. The HISTAR system was able to produce a maximum wet biomass weight of 377 
grams on Day 7. There was a sharp increase during the first 3 days of operation and then the 
biomass began to oscillate during the next 5 days. The largest jump in wet biomass was from 
Day 2 to Day 3 with an increase of 153 grams.  
Time (days)























Figure 4.2: Wet biomass weight harvested daily from the centrifuge. 
 
Biomass concentration within the CFSTRs increased as the hydraulic gradient moved the 
co-culture through the system. Figure 4.3 shows the optical densities of each CFSTR throughout 
the HISTAR experiment. A trend of an increase in the optical densities can be seen from CFSTR 
1 to CFSTR 8 (Figure 4.3). Biomass is typically used when describing the co-culture in the 
tanks; however throughout the HISTAR experiment the co-culture formed aggregates (Figure 
4.4). These aggregates are not typical of the co-culture, the co-culture is usually single celled as 
depicted in Figure 4.4. When these aggregates formed it was difficult to get an approximate 
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optical density or biomass concentration because the co-culture was not uniform throughout the 
tank, like it would be in single cell form. While it is not known why these aggregates formed, a 
possible reason could be the transition from small batch cultures grown in sterilized DI water to 
large scale cultivation grown with filtered tap water. This transition may have shocked the co-
culture, which caused the formation of the aggregates.   
From previous HISTAR runs, optical density absorbance in latter CFSTRs were in the 
range 0.100 – 0.200 (Silaban, 2013). In this study optical density absorbance reached a 
maximum of 0.060 - 0.070. The reason for lower optical densities may be due to the aggregates. 
Before sampling, the CFSTRs tanks were mixed and before the absorbance was measured the 
sample was shaken. Even with this shaking, aggregates were still visible. It is most likely that if 
the cells that formed the aggregates were to detach and become single cells the optical density 
would increase closer to previous ranges of 0.100 to 0.200. Near the end of this HISTAR run 
there was a large decrease in optical density. The sudden decrease in the optical density after 6 
days was due to a clogged solenoid valve that released all of the inoculum from the turbidostat 
into CFSTR1. When the turbidostat drained, the water/nutrient flow diluted the CFSTRs.   
 
Figure 4.3: Optical densities of the CFSTRs at 1 L min-1. 
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Comparison results from this study and HISTAR runs by Silaban (2013) at Qf = 0.55 and 
1.0 L min-1 are shown in Table 4.1. The growth rate found in this study was 3.7 (d-1) which is 
extremely high. This value is much higher than the growth rates found by Silaban (2013) 0.64 d-1 
(1 L min-1) and 0.22 d-1 (0.55 L min-1). The large difference in growth rates could be attributed to 
the difference in the biomass from CFSTR 1 and CFSTR 8. The biomass ratio of CFSTR 8 to 
CFSTR 1 was almost 4 times higher in this study (12.4) as compared to Silaban (2013) (Table 
4.1). This high biomass ratio is due to the accumulation of aggregate biomass in CFSTR 8. 
Aggregates began to settle to the bottom of the tank and did not get removed via the holding tank 
to centrifuge set up. When biomass was taken, the tanks were stirred to agitate the settled 
aggregates, which gave a false high biomass reading because of the build up of these aggregates. 
Since eq. 4.3 depends on the biomass in CFSTR 8, the false high biomass resulted in an 
extremely large growth rate that is atypical of this co-culture. 
 
The average volumetric and areal productivity for CFSTR 8 in this study were 25.0 g m-3 
d-1 and 13.3 g m-2 d-1 respectively (Table 4.1). These values are similar to Silaban (2013) at 1.0 
and 0.55 L min-1 (Table 4.1). Harvested wet biomass from this study (287 g) is similar to the 
previous 1.0 L min-1 (225 g). Wet biomass weights at 1 L min-1 were lower than the wet biomass 
at 0.55 L min-1 (339 g). The higher wet biomass weight at 0.55 L min-1 could be due to the lower 
flow rate allowing the co-culture more time to grow in the system and accumulate more biomass. 
Interestingly, higher volumetric and areal productivities were found in the HISTAR runs at 1.0 L 
min-1 than at 0.55 L min-1.  
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Figure 4.4: Microscope images of co-culture in single cells form (left image), co-culture 
aggregates found in the system (middle image) and cyanobacteria takeover in CFSTR 8 towards 
the end of the HISTAR run (right image). 
 
Towards the end of the HISTAR run cyanobacteria (Leptolyngbya sp.) filaments started 
to form (Figure 4.4). These filaments form when the light intensity is too low. Previous batch 
culture experiments were conducted with this co-culture at 80 μmol m-2 s-1 and it was found that 
after about 6 days, cyanobacteria started to be the dominant species. Under this light regime the 
optical density absorbance at 664 nm only reached between 0.020 – 0.040 before cyanobacteria 
started to outcompete the microalgae. In the HISTAR run, CFSTR 8 reached a max optical 
density of 0.064 at day 6. The following days the optical density started to decline because the 
cyanobacteria concentration began to increase. When the cyanobacteria form filaments they 
hinder microalgae growth and precipitate to the bottom of the tank. The last two days, where the 
cyanobacteria concentration was the highest, the optical densities of tank 8 were 0.023 and 0.024 
respectively. This cyanobacteria formation in tank 8 is similar to Silaban (2013) HISTAR run at 
1 L min-1. When biomass concentrations that exceed 80 g m-3 (highest value found in this study) 
an increase in Qf should be implemented to dilute the CFSTRs and allow more light to penetrate 
into the tank. Additionally, lowering the HPS lamps to increase the mean scalar irradiance in the 





Table 4.1: Average ± standard deviations for growth rates, volumetric productivity, areal 
productivity and wet biomass from the centrifuge. 
 
 This Study Silaban (2013) Silaban (2013) 
Qf (L min
-1) 1.0 1.0 0.55 
µ (d-1) 3.7 ± 2.1* 0.64 ± .025 0.22 ± 0.07 
Pv (g m
-3 d-1) 25.0 ± 3.5 27.0 ± 22.8 23.2 ± 3.5 
Pa (g m
-2 d-1) 13.3 ± 1.9 14.0 ± 11.8 12.1 ± 1.8 
XCF8/XCF1  12.4 ± 6.9* 3.82 ± 1.77 2.84 ± 1.00 
Harvested Wet 
biomass (g) 
287 ± 92 225 ± 88 339 ± 73 
*Indicates an atypical value for this co-culture, due to aggregates that formed in CFSTR 8 
4.3.2 Light Attenuation in CFSTR Tanks 
Light attenuation was studied to determine how the scalar irradiance decreased with 
depth and biomass concentration in the CFSTRs. Figure 4.5 displays the light attenuation curves 
for different concentrations of biomass. As the biomass concentration increased the average 
scalar irradiance of the tank decreased. When there is no biomass in the tank the average scalar 
irradiance was 454 μmol m-2 s-1. Average scalar irradiance for 23.33, 33.33 and 80 g m-3 
respectively were 325, 281 and 150 μmol m-2 s-1. The light attenuation coefficients found for the 
different biomass concentrations can be found in Table 4.2. Values for kw, ka and kaw were found 
using eq. 4.6 and 4.7. The highest kaw value was found at 80 g m
-3 and the lowest was found at 
23.33 g m-3. The kaw values for 23.33 and 33.33 g m
-3 were very similar, this is due to the 
biomass concentrations only being separated by 10 g m-3. As biomass concentrations increase the 
kaw values increase, this is because kaw is directly proportional to the biomass concentration. 
Table 4.2: ka,kaw kw and k values for the equations 4.6, 4.7 and 4.8. 
 
Biomass (g m-3) ka (m
2 g-1) kaw (m
-1)  kw (m
-1) k  (m3 g-1) 
23.33 0.03044 1.747 1.037 0.014 
33.33 0.04340 2.484   
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Figure 4.5: Light attenuation curves for biomass concentrations at 0, 23.33, 33.33 and 80 g m-3 
fitted with equation 4.7. 
 
Figure 4.6 shows the mean scalar irradiance with respect to different biomass 
concentrations. Using equation 4.8 the k value was found to be 0.014 m3 g-1. It is interesting, 
Figure 4.6 shows that the lowest mean scalar irradiance in the tank was 150 μmol m-2 s-1, but 
cyanobacteria started to out compete the microalgae at the end of the experiment. This co-culture 
has shown an ability to maintain a microalgae dominant culture in batch cultures run at 180 μmol 
m-2 s-1, however these were in flasks with a significantly smaller volume than what is in a 
CFSTR tank in HISTAR. Also, the mean scalar irradiance is the average over the entire tank, 
when analyzing the light intensity with depth at 80 g m-3 the light intensity at 0.35 m was about 
50 μmol m-2 s-1. This light intensity is below 80 μmol m-2 s-1, which creates a favorable 
environment for cyanobacteria growth. Another reason for the low light intensity in the tanks is 
the HPS light distribution. The HPS lights were situated over the center of the tank, which had a 
high light intensity. Further from the center the light intensity dropped significantly, with the 
88 
 
edges of the tank having low light intensities. In some spots the light intensity was below 80 
μmol m-2 s-1. In these low light intensity areas cyanobacteria are able to outgrow the microalgae, 
eventually overtaking the entire tank and forming filaments.  
Biomass (g m-3)
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Figure 4.6: Mean scalar irradiance profile using biomass concentrations of 0, 23.33, 33.33, 43.33 
and 80 g m-3. 
 
 
4.4 Conclusions  
 
 The HISTAR system was run at a Qf of 1 L min
-1 and compared with the results from 
other researchers at Qf = 0.55 and 1.0 L min
-1 (Silaban, 2013). Harvested wet biomass, 
areal/volumetric productivity results from this study were very similar to preivous HISTAR runs. 
In this study the co-culture formed aggregates instead single cells. These aggregates made it 
difficult to get accurate biomass and optical density measaruements in the CFSTRs. The 
formation of the aggregates gave a false high biomass in tank 8, which resulted in an extremely 
high growth rate that is atypical of this co-culture. In previous HISTAR experiments, 
cyanobacteria filaments began to form after about 6 or 7 days. During this study, cyanobacteria 
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filaments were also observed in the more dense tanks after about 7 days. While growing this co-
culture in the HISTAR system, when biomass concentrations are greater than 80 g m-3 a higher 
flow rate should be used to dilute the CFSTRs or a higher light intensity should be used. 
Otherwise cyanobacteria filaments will start to form. While this study did not expand on the use 
of the HISTAR system it did show the importance of light distribution throughout the CFSTRs 
when growing this specific co-culture. For large scale cultivation of this co-culture it is necessary 



















5. Global Discussion 
 
 Light is an important part of microalgae photosynthesis. Understanding how light impacts 
microalgae can yield higher growth rates, biomass, chlorophyll-a content and lipid content. The 
goal of this thesis was to determine the effects of varying light intensities and wavelength 
distribution on the growth kinetics of native Louisiana microalgal/cyanobacterial (Chlorella 
vulgaris/Leptolyngbya sp.) co-culture. This co-culture is of particular interest because it has been 
found that the interaction between C. vulgaris and Leptolyngbya sp. yield higher growth rates 
and biomass than culturing C. vulgaris alone. 
 To investigate the effects of light quality this co-culture was grown at 80 and 400 µmol 
m-2 s-1 under four wavelength distributions (blue, green, red and white). At 80 µmol m-2 s-1 under 
all light colors the co-culture experienced a species composition shift from a microalgae 
dominant species to a cyanobacteria dominant species. At this low of irradiance level the 
cyanobacteria are able to out compete the microalgae for the limited light available. 
Cyanobacteria filaments were formed and these filaments make it difficult for the microalgae to 
grow. In the HISTAR system, where the tanks have a volume of 545 L, at high biomass densities 
light penetration to the bottom is minimal (in some areas reaching lower than 40 µmol m-2 s-1). 
At these low intensities cyanobacteria are able to outgrow microalgae. This species composition 
shift was not seen at 400 µmol m-2 s-1 because the microalgae thrive at higher intensities. This 
concurs with previous work that found that irradiances of 400 – 800 µmol m-2 s-1 under high 
performance sodium (HPS) lights were optimal for this co-culture. 
 The co-culture grown at 400 µmol m-2 s-1 was considered to be ideal for microalgae 
growth as compared to 80 µmol m-2 s-1 and was further analyzed to determine which wavelength 
distribution was optimal. It was determined that red light was the optimum light source because 
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it had the highest growth rate and biomass. The other wavelength distributions have higher 
energy resulting in a delay in photosynthesis. Red light was further analyzed, along with white as 
a control, at higher irradiance levels through 1400 µmol m-2 s-1 to study the effects of light 
intensity. At all these irradiance levels, red light had the highest growth rate compared to white 
light. This is due to the lower energy under red light as compared to white light. Red light has the 
necessary energy to initiate photosynthesis; where white light has an excess amount of energy 
and it must dissipate the surplus of energy causing a delayed start in photosynthesis.    Growth 
rates vs. light intensity showed a plateau in growth and then an increase again under both light 
sources. The plateau under red light was more pronounced than under white light. This growth 
pattern may be unique to this co-culture and be caused by an interaction between C. vulgaris and 
Leptolyngbya sp. While red light produced higher growth rates, at higher irradiance levels white 
light had higher biomass. This was due to the cells growing larger under white light. Lipid 
content and biomass productivity were similar between the colors. Chlorophyll-a was highest 
under white light at all light intensities because red light was a more efficient light source. 
Biomass yield on light energy was similar between the colors because it is based on biomass 
productivities. Photosynthetic efficiency was found to be higher under red light due to the lower 
energy associated with its wavelength distribution. With higher growth rates, a higher 
photosynthetic efficiency, similar biomass productivities as well as lipid content, red light 
between 400 – 800 µmol m-2 s-1 was determined to be the optimal light regime to grow this co-
culture.  
Light attenuation was studied and it was found that white light has a higher attenuation 
coefficient than red light. This co-culture absorbs more blue light than red light and the white 
light has a large peak in the blue region. Therefore, the attenuation coefficient of white light will 
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be higher than red light as the biomass concentrations increase. Understanding that red light is 
more photosynthetic efficient and also attenuates less than white light, can help optimize the 
growth of this co-culture in a large scale system such as the HISTAR system. 
 The co-culture was grown in the HISTAR system to determine the effects of dilution rate 
on the productivity. Flow rates of 1 L min-1 produced lower harvested biomass weight compared 
with biomass weight at 0.55 L min-1. However, the 1 L min-1 had higher volumetric and areal 
productivity. As the biomass concentration increased in the latter CFSTRs cyanobacteria 
filaments began to form at the bottom of the tank as described above. As the biomass in the tanks 
increased, light penetration to the bottom of the tank diminished resulting in favorable conditions 
to grow cyanobacteria. Light utilization for the HISTAR system is key and light modifications 
can be made to achieve a desired end product. Red light has been shown to be the most efficient 
light in growing this co-culture. Applying a red light to the HISTAR system could produce 
higher yields of biomass because of how quickly the co-culture grows. Whereas, if cyanobacteria 









6. Global Conclusions and Recommendations  
6.1 Global Conclusions  
 Microalgae have a wide variety of uses, such as an alternative energy source (biofuels), 
pharmaceuticals, aquaculture feed and many others. Understanding the dynamics of growing 
microalgae can yield more of a desired product. Light is one of the most important aspects of 
growing microalgae. In this work, light quality and light quantity effects had a significant impact 
on the growth kinetics of a Louisiana native microalgae/cyanobacteria co-culture. Low light 
intensity (> 80 µmol m-2 s-1) shifted the species composition from microalgae dominant to 
cyanobacteria dominant. An assessment of light quality at 400 µmol m-2 s-1 showed that red light 
yielded the highest growth rate and biomass. 
 Further study of the co-culture compared red and white light. The co-culture under red 
light yielded higher growth rates and had a higher photosynthetic efficiency than white light. It 
was determined that red light was the most efficient light source to grow this co-culture. Red 
light in the range of 400 – 800 µmol m-2 s-1 should be used. Higher light intensities will cause 
photoinhibition to occur and lower intensities will cause slow growth and possibly induce 
cyanobacteria growth. To produce more biomass white light at light intensities greater than 1000 
µmol m-2 s-1 should be used. For larger chlorophyll-a content growth under white light should be 
used. 
 Cultivation of this co-culture on the HISTAR system demonstrated that it be sustained for 
roughly one week. After this time span, the culture in the latter tanks was too dense for light to 
maintain the growth of the microalgae and cyanobacteria filaments formed. Formation of these 
filaments could be avoided by increasing the overall light intensity in the tanks as well as 
increasing the dilution rate of the system. These changes to the HISTAR system should be 
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implemented when the biomass concentration is greater than 80 g m-3. Otherwise, cyanobacteria 
filaments will start to overtake the co-culture. 
6.2 Recommendations  
 This work showed the effects of two wavelength distributions (red and white) at a wide 
variety of light intensities. Further investigation is needed into looking at blue light at the 
irradiance levels tested. The white light has a strong peak in the blue region; therefore studies 
with blue light at higher irradiance levels is needed to fully understand how light quality effects 
this co-culture. The growth rate plateaus found under both lights was less pronounced under 
white light and it would be interesting to see if this growth plateau pattern was the observed 
under blue light.  
 Besides using a single light source for cultivation, the use of two light sources could yield 
promising results. Red light has been shown to induce higher growth rates but at higher light 
intensities white light produces higher biomass. Starting the co-culture under red light for rapid 
growth, then switching to white light towards the end may yield higher biomass, lipid content 
was well as chlorophyll-a content.  
 Lastly, utilizing red light in the HISTAR system could yield higher growth rates and 
biomass productivity than in previous runs that used high performance sodium lights (HPS). 
Preliminary trials with a red light filter over the HPS lights found that the light intensity dropped 
by about a third as compared to no filter over the HPS lights. This drop in light intensity would 
make it difficult for the light to penetrate to the bottom of the tanks at very dense biomass 
concentrations, causing a favorable environment for cyanobacteria growth. Finding an adequate 
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Appendix A: Growth Experiments at 80 & 400 mol m-2 s-1 
 
This experiment investigated the effects of light quality of four wavelength distributions 
(blue, green, red and white) at two irradiance levels 80 and 400 mol m-2 s-1. Growth rates, final 
biomass, biomass productivity, lipid content and chlorophyll-a content measurements were 
taken. Daily measurements included: cell counts, optical density, pH and temperature. 
 
Microalgae and cyanobacteria cell counts were differentiated using a BD Accuri® C6 
Flow cytometer. Optical density was measured using a HACH® DR/4000 spectrophotometer at a 
wavelength of 664 nm. pH was measured using a HACH® HQ411d benchtop pH/mV meter. 
Temperature was measured using a Southwire non-contact IR thermometer.  
 
Below are the data sets for the experiments run at 80 and 400 mol m-2 s-1. The 
microalgae cell count is labeled as ‘micro’ and the cyanobacteria cell count is labeled as ‘cyano’.  
 
Data set 1: Growth at 80 mol m-2 s-1 
 Blue Light 
 Green Light 
 Red Light 
 White Light 
 Initial/Final biomass 
 
Data set 2: Growth at 400 mol m-2 s-1 
 Blue Light 
 Green Light 
 Red Light 
 White Light 




Biomass Concentration  





Biomass Productivity  





Where Xinitial is the initial biomass, Xfinal is the final biomass, dinitial is the day of initial biomass 
and dfinal is the day of final biomass. Initial biomass was taken on Day 3 and final biomass was 
taken on the day following the final cell count measurement 





Blue (replicate 1) 




1 173 56 0.01 24.3 
2 443 77 0.016 24.5 
3 506 69 0.023   
4 389 166 0.035 24.5 
5 565 139 0.049 24.7 
6 74 397 0.043 24.6 
7 81 259 0.039 25.7 
8 106 204 0.049 24.4 
9 109 198 0.05 24.8 
 
Blue (replicate 2) 




1 163 58 0.01 24.1 
2 260 63 0.015 24.2 
3 412 76 0.018   
4 676 97 0.037 23.9 
5 883 132 0.049 24.7 
6 958 163 0.067 24.8 
7 1083 189 0.065 24 
8 125 520 0.04 24.2 
9 50 397 0.035 24.4 
 
Blue (replicate 3) 




1 175 62 0.011 24.1 
2 265 65 0.014 23.9 
3 328 63 0.018  
4 512 78 0.032 24.1 
5 410 100 0.036 24.4 
6 40 295 0.021 24.4 
7 25 262 0.019 24.5 
8 20 271 0.02 24.4 









Green (replicate 1) 




1 179 58 0.01 24.3 
2 309 63 0.016 24.5 
3 349 57 0.023  
4 473 68 0.035 24.5 
5 282 156 0.049 24.7 
6 29 393 0.043 24.6 
7 8 365 0.039 25.7 
8 5 353 0.049 24.4 
9 4 350 0.05 24.8 
 
Green (replicate 2) 




1 156 58 0.01 24.1 
2 320 72 0.015 24.2 
3 353 60 0.018  
4 487 76 0.037 23.9 
5 567 79 0.049 24.7 
6 562 89 0.067 24.8 
7 494 151 0.065 24 
8 23 341 0.04 24.2 
9 11 302 0.035 24.4 
 
Green (replicate 3) 




1 180 59 0.011 24.1 
2 274 59 0.014 23.9 
3 374 60 0.018  
4 438 80 0.032 24.1 
5 110 273 0.036 24.4 
6 15 380 0.021 24.4 
7 7 371 0.019 24.5 
8 8 378 0.02 24.4 









Red (replicate 1) 




1 207 69 0.01 24.3 
2 300 82 0.016 24.5 
3 299 53 0.023  
4 538 90 0.035 24.5 
5 447 132 0.049 24.7 
6 65 332 0.043 24.6 
7 25 306 0.039 25.7 
8 22 291 0.049 24.4 
9 16 308 0.05 24.8 
 
Red (replicate 2) 




1 173 60 0.01 24.1 
2 303 72 0.015 24.2 
3 403 54 0.018  
4 401 81 0.037 23.9 
5 56 274 0.049 24.7 
6 31 291 0.067 24.8 
7 39 292 0.065 24 
8 34 325 0.04 24.2 
9 20 299 0.035 24.4 
 
Red (replicate 3) 




1 177 55 0.011 24.1 
2 275 65 0.014 23.9 
3 399 54 0.018  
4 524 83 0.032 24.1 
5 687 94 0.036 24.4 
6 371 193 0.021 24.4 
7 78 388 0.019 24.5 
8 31 373 0.02 24.4 









White (replicate 1) 




1 178 61 0.01 24.3 
2 327 64 0.016 24.5 
3 315 80 0.023  
4 341 114 0.035 24.5 
5 110 239 0.049 24.7 
6 21 232 0.043 24.6 
7 24 198 0.039 25.7 
8 25 193 0.049 24.4 
9 23 157 0.05 24.8 
 
White (replicate 2) 




1 161 61 0.01 24.1 
2 313 63 0.015 24.2 
3 271 54 0.018  
4 418 91 0.037 23.9 
5 637 123 0.049 24.7 
6 194 257 0.067 24.8 
7 42 384 0.065 24 
8 25 408 0.04 24.2 
9 23 334 0.035 24.4 
 
White (replicate 3) 




1 174 49 0.011 24.1 
2 288 56 0.014 23.9 
3 408 61 0.018  
4 500 87 0.032 24.1 
5 293 140 0.036 24.4 
6 38 298 0.021 24.4 
7 21 293 0.019 24.5 
8 16 321 0.02 24.4 


































Blue 1 1.4063 1.4066 0.0003 0.015 1.3997 1.4008 0.0011 0.11 
Blue 2 1.4051 1.4053 0.0002 0.01 1.4194 1.4206 0.0012 0.12 
Blue 3 1.4057 1.4059 0.0002 0.01 1.4213 1.422 0.0007 0.07 
Green 1 1.4036 1.4039 0.0003 0.015 1.4078 1.4079 0.0001 0.01 
Green 2 1.393 1.3931 0.0001 0.005 1.3876 1.3882 0.0006 0.06 
Green 3 1.4152 1.4154 0.0002 0.01 1.4051 1.4052 0.0001 0.01 
Red 1 1.4025 1.4029 0.0004 0.0200 1.4011 1.4017 0.0006 0.06 
Red 2 1.4052 1.4055 0.0003 0.015 1.4059 1.4062 0.0003 0.03 
Red 3 1.4203 1.4206 0.0003 0.015 1.4047 1.4057 0.0010 0.1 
White 1 1.4101 1.4104 0.0003 0.015 1.4103 1.4111 0.0008 0.08 
White 2 1.391 1.3916 0.0006 0.03 1.403 1.4034 0.0004 0.04 
White 3 1.4109 1.4111 0.0002 0.01 1.4031 1.4038 0.0007 0.07 




Data Set 2: Experiments at 400 mol m-2 s-1 
 
Blue (replicate 1) 





1 304 12 0.029 24.2  
2 1484 28 0.062 24.5  
3 2448 61 0.09 24.8 7.81 
4 3409 64 0.209 24.5 9.52 
5 6392 126 0.524 26.3 10.61 
6 9333 147 0.723 24.5 10.34 
7 12636 141 0.901 23.9 10.07 
8 35110 575 1.086 24.2 9.19 
9 48672 891 1.246 24.1 9.33 
10 63415 2074 1.319 23.9 9.11 
11 74553 3197 1.352 25.3 8.99 
12 78353 5423 1.381 24.7 8.73 
 
Blue (replicate 2) 





1 282 14 0.03 23.4  
2 1067 15 0.057 23.7  
3 1988 45 0.086 24.3 8.11 
4 2339 51 0.189 23.6 9.32 
5 5260 52 0.443 23.7 9.99 
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6 9351 78 0.617 23.3 9.72 
7 13044 123 0.876 23.7 9.97 
8 23385 280 1.143 25.5 9.54 
9 40761 430 1.286 23.5 9.34 
10 63012 1045 1.315 23.5 9.04 
11 73177 221 1.433 24.4 8.92 
12 73121 4620 1.426 24 8.78 
 
 
Blue (replicate 3) 





1 244 10 0.036 25.4  
2 1454 17 0.072 26  
3 2474 81 0.146 26.3 9.21 
4 3419 82 0.282 25.9 10.11 
5 8596 114 0.609 26.8 9.75 
6 9639 192 0.8 26.2 9.25 
7 18030 228 1.11 26.1 9.64 
8 54115 820 1.313 25.8 7.98 
9 62919 1640 1.359 25.5 9.29 
10 65746 2462 1.389 26.1 9.09 
11 74337 5692 1.449 27.7 8.89 
12 72019 9329 1.399 26.8 8.84 
 
 
Green (replicate 1) 





1 325 9 0.029 24.1  
2 1700 19 0.063 24  
3 4321 80 0.115 25 8.28 
4 4395 141 0.193 24.2 9.21 
5 8999 234 0.358 24.6 9.35 
6 10268 214 0.493 24 9.63 
7 18948 294 0.707 23.9 9.74 
8 38765 110 1.034 24.2 9.47 
9 51093 1220 1.187 24.5 9.71 
10 78198 1319 1.324 24.3 9.55 
11 88632 2778 1.448 25.5 9.48 









Green (replicate 2) 





0      
1 295 9 0.025 24.3  
2 1668 17 0.06 25  
3 4492 71 0.127 25.4 8.32 
4 5075 293 0.2 24.9 8.86 
5 7684 382 0.363 24.7 9.06 
6 12018 272 0.569 24.8 9.16 
7 22437 321 0.932 25.3 9.74 
8 33310 705 1.131 24.6 8.92 
9 63162 1430 1.359 25 9.52 
10 78195 2520 1.446 25.2 9.45 
11 86252 4278 1.491 25.6 9.31 
12 87448 6067 1.47 25.2 9.14 
 
 
Green (replicate 3) 





1 308 8 0.031 25.3  
2 1656 22 0.071 26  
3 4750 139 0.114 27 7.56 
4 5235 349 0.215 25.3 8.86 
5 6873 355 0.296 24.7 8.41 
6 9618 262 0.501 25 8.43 
7 18471 357 0.831 24.5 9.72 
8 39805 1005 1.117 25.4 8.06 
9 57186 1660 1.272 24.7 9.48 
10 70929 3190 1.336 25 9.33 
11 81924 6000 1.406 26.7 9.22 
12 78369 9240 1.317 26.7 9.04 
 
 
Red (replicate 1) 





1 391 17 0.029 24.5  
2 3428 90 0.08 24.5  
3 8520 260 0.128 24.8 7.9 
4 10732 600 0.254 24.6 9.05 
5 18858 1090 0.525 24.6 9.83 
6 33774 1221 0.873 24.4 9.7 
7 52180 840 1.178 24.2 9.69 
8 66901 3150 1.277 24.3 8.93 
9 90351 5058 1.452 24.8 9.5 
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10 99831 7056 1.479 24.6 9.46 
11 102254 10434 1.524 25.6 9.32 
 
 
Red (replicate 2) 





1 421 24 0.041 25.4  
2 3183 57 0.093 25.6  
3 8347 312 0.174 25.4 8.32 
4 12407 984 0.334 24.7 9.33 
5 18984 1475 0.62 24.9 9.55 
6 32475 1368 0.946 24.6 9.14 
7 50695 906 1.289 25.2 9.67 
8 69741 3870 1.372 25 8.34 
9 85725 6777 1.453 25.3 9.38 
10 90347 10137 1.447 24.9 9.2 
11 94620 18607 1.471 26.3 9.09 
 
 
Red (replicate 3) 





1 430 17 0.039 24.8  
2 3348 83 0.099 25.2  
3 11095 543 0.177 26.1 8.1 
4 11577 596 0.31 25.3 9.24 
5 21532 1776 0.596 25.3 8.84 
6 36132 2292 0.882 24.9 8.48 
7 52905 2550 1.157 25.1 9.67 
8 67302 1485 1.398 25.2 8.03 
9 100422 6075 1.51 25.5 9.37 
10 113353 6359 1.541 24.8 9.33 
11 116415 9427 1.546 26.7 9.19 
 
 
White (replicate 1) 





1 298 9 0.027 24.5  
2 2476 23 0.074 25  
3 4565 107 0.129 25.4 5.56 
4 5341 141 0.259 24.8 9.77 
5 8474 242 0.573 25.2 10.48 
6 12819 363 0.804 24.8 10.26 
7 26376 447 1.131 24.2 10.03 
8 49080 805 1.227 24.8 9.18 
9 63540 1660 1.302 25.2 9.48 
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10 65100 2850 1.371 24.9 9.33 
11 63598 5807 1.382 26 9.17 
 
 
White (replicate 2) 





1 238 9 0.027 24.1  
2 1963 11 0.072 24.4  
3 3933 77 0.125 24.7 9.02 
4 5808 104 0.279 24.2 9.95 
5 8720 130 0.576 24.2 9.89 
6 14904 150 0.859 23.8 9.47 
7 20139 222 1.115 23.9 9.84 
8 42640 750 1.242 23.9 8.15 
9 57672 1400 1.313 24 9.4 
10 66450 2500 1.372 24.3 9.24 
11 72469 5365 1.44 24.8 9.06 
12 66464 9069 1.418 25.1 8.95 
 
White (replicate 3) 





1 280 8 0.03 24.3  
2 1748 14 0.074 24.5  
3 3339 63 0.144 25 8.64 
4 6071 154 0.305 24.6 9.86 
5 7994 164 0.566 24.5 9.14 
6 12045 120 0.878 24.4 8.95 
7 22047 222 1.197 24.1 9.99 
8 43643 470 1.26 24.5 7.78 
9 69804 1600 1.414 24.5 9.34 
10 78111 3900 1.466 24.9 9.22 
11 82456 5906 1.491 26 9.07 
12 77875 11652 1.423 26 8.93 
 
 


























Blue 1 1.4184 1.4194 0.0010 50 1.394 1.3972 0.0032 640 
Blue 2 1.3985 1.3996 0.0011 55 1.4066 1.4105 0.0039 780 
Blue 3 1.4632 1.4642 0.0010 50 1.3952 1.3993 0.0041 820 
Green 1 1.4126 1.4136 0.0010 50 1.4009 1.4047 0.0038 760 
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Green 2 1.4038 1.4047 0.0009 45 1.4061 1.4101 0.0040 800 
Green 3 1.4083 1.4093 0.0010 50 1.4115 1.4152 0.0037 740 
Red 1 1.4110 1.412 0.0010 50 1.3932 1.3978 0.0046 920 
Red 2 1.4075 1.4088 0.0013 65 1.4156 1.4200 0.0044 880 
Red 3 1.3996 1.4009 0.0013 65 1.4047 1.4094 0.0047 940 
White 1 1.3874 1.3888 0.0014 70 1.3878 1.3915 0.0037 740 
White 2 1.3914 1.3925 0.0011 55 1.4032 1.4072 0.0040 800 
White 3 1.4084 1.4094 0.0010 50 1.3991 1.4028 0.0037 740 







































Lipid Content for Data Set 2 – Experimental run at 400 µmol m-2 s-1 
 
Lipid content was evaluated using the Nile Red method utilizing the flow cytometer to 
determine the lipid content by mean fluorescent intensity (MFI) (Cirulis et al., 2012). To relate 
the MFI to lipid content, a correlation graph was made with lipid content found using the (Folch 
et al. (1957)) extraction method and comparing it to the corresponding MFI. The lipid content for 
the co-culture was analyzed using a BD Accuri® Flow Cytometer. A stock Nile Red stain was 
made by dissolving Nile Red powder with acetone for a concentration of 1 mg mL-1. This stock 
was then diluted further with acetone to make 200 µg mL-1. This 200 µg mL-1 is used to stain co-
culture samples at a working concentration of 2 µg mL-1. To create the working concentration of 
2 µg mL-1 5 mL of sample containing around 2,000 cells µL-1. The sample is shaken to disperse 
the stain and let sit for 30 minutes before reading on the flow cytometer.  
 
 
Figure A.1: Lipid calibration curve created from lipid content measured using the Folch method 
and its corresponding mean FL2 fluorescence in the flow cytometer.  
 
 When analyzing the stained nile red cells on the flow cyotometer, cells without nile red 
stain are analyzed as well to help differentiate the cells later. Table A.1 shows the excitation 
laser, and fluorescence emission for FL2, FL3 and FL4.  Once the flow cytometer has finished 
analyzing all the samples, a plot of FL3 (x-axis) vs FL4 (y-axis) is created to gate (P1) the 
microalgae cells that are not stained (Figure A.2a). Next a plot of FL3 (x-axis) vs FL2 (y-axis) is 
created and the gated microalgae cells from Figure A.2a are excluded from this plot to only show 
the stained microalgae cells (Figure A.2b). These stained microalgae cells are then gated (P2). 
Next a histogram plot is created with FL2 as the x-axis and this plot is set to include the gated 
(P2) stained microalgae (Figure A.2c). The mean fluorescence intensity is then read and 
compared to the calibration curve. 
 
Table A.1: Excitation laser and peak fluorescence of FL2, FL3 and FL4. The ‘LP’ under FL3 
stands for long pass 
 FL2 FL3 FL4 
Excitation wavelength (nm) 488 488 640 
Fluorescence detection (nm) 585 ± 20 670 LP 675 ± 12.5 





























Lipid Calibration Curve for Nile Red Analysis
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a)   b) c)  
 
Figure A.2: Flow cytometer images showing the gates and fluorescences used to determine the 
lipid content of a sample. a) FL3 vs FL4 plot to gate microalgae cells not stained. b) FL3 vs FL2 
plot excluding the gated cells in a) and gating the stained cells. c) Plot of FL2 showing the 




Lipid content and chlorophyll-a content for co-culture samples run at 400 µmol m-2 s-1 
 
 Lipid Content   Chlorophyll-a content 
  Mean FL2 
Fluor. 
Lipid Content 










Blue 1 19490.25 19.29 1144 983.2 1063.6 
Blue 2 22018 21.06 993.6 891.2 942.4 
Blue 3 18138 18.35 1487.2 1146.4 1316.8 
Green 1 16662.25 17.31 1560 1610.4 1585.2 
Green 2 17478 17.88 1540.16 1443.68 1491.92 
Green 3 19114.5 19.03 1855.36 1885.6 1870.48 
Red 1 16319.5 17.07 791.2 684.8 738 
Red 2 20951.75 20.32 600.48 728.16 664.32 
Red 3 22990.75 21.74 743.2 828 785.6 
White 1 23558.5 22.14 1362.4 1468 1415.2 
White 2 19882.75 19.57 973.6 1003.44 988.52 











Appendix B: Growth Experiments under Red and White Light at Various 
Irradiance Levels 
 
This experiment investigated the effects of light quality of two wavelength distributions 
(red and white) at seven irradiance levels (180, 400, 600, 800, 1000, 1200 and 1400 mol m-2 s-
1). Growth rates, final biomass, biomass productivity, lipid content and chlorophyll-a content 
measurements were taken. Daily measurements included: cell counts, optical density, pH and 
temperature. 
 
Microalgae and cyanobacteria cell counts were differentiated using a BD Accuri® C6 
Flow cytometer. Optical density was measured using a HACH® DR/4000 spectrophotometer at a 
wavelength of 664 nm. pH was measured using a HACH® HQ411d benchtop pH/mV meter. 
Temperature was measured using a Southwire non-contact IR thermometer.  
 
Below are the data sets for each experiment. The microalgae cell count is labeled as ‘micro’ and 
the cyanobacteria cell count is labeled as ‘cyano’. Each data also contains the initial/final 
biomass concentrations, lipid content and chlorophyll-a content. The data for growth at 400 mol 
m-2 s-1 is found in Appendix A.  
 
 
 Data Set 1: Growth at 180 mol m-2 s-1 
 Data Set 2: Growth at 600 mol m-2 s-1 
 Data Set 3: Growth at 800 mol m-2 s-1 
 Data Set 4: Growth at 1000 mol m-2 s-1 
 Data Set 5: Growth at 1200 mol m-2 s-1 
 Data Set 6: Growth at 1400 mol m-2 s-1 
 
Biomass Concentration  




Biomass Productivity  





Where Xinitial is the initial biomass, Xfinal is the final biomass, dinitial is the day of initial biomass 
and dfinal is the day of final biomass. Initial biomass was taken on Day 3 and final biomass was 
taken on the day following the final cell count measurement 
 
Lipid content for these experiments was determined using a nile red stain and measuring the 
fluorescence from a flow cytometer. The procedure for determining the lipid content is described 
in Appendix A. 






Red (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 687 10 0.037 23.9   
2 778 13 0.047 24   
3 1289 17 0.047 24.5   
4 1940 29 0.094 24.5 7.61 
5 3020 43 0.126 24.2 8.04 
6 7184 28 0.193 23.2 8.35 
7 7493 33 0.297 23.4 8.99 
8 20104 322 0.48 23.5 9.08 
9 26000 20 0.607 23.5 9.13 
10 29930 1315 0.745 24.7 9.34 
11 49011 4101 0.873 24.6 9.49 
12 37010 1398 1.046 24.7 9.62 
13 47985 2068 1.141 24.6 9.79 
14 50070 2246 1.286 23.9   
15 67538 3407 1.358 23.5   
16 68643 4085 1.372 23.7   
 
Red (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 711 10 0.023 23.5   
2 822 19 0.038 24.3   
3 1318 20 0.048 24   
4 1961 33 0.08 24.6 7.8 
5 2860 42 0.114 24.4 8.14 
6 6817 41 0.205 23 8.3 
7 10732 348 0.31 23.6 8.96 
8 20192 1030 0.497 23.6 9.2 
9 25472 1572 0.624 23.6 9.19 
10 28920 2265 0.717 25.3 9.53 
11 34875 2176 0.855 24.8 9.47 
12 39255 1346 1.022 24.5 9.45 
13 51407 1885 1.2 24.1 9.34 
14 65587 2103 1.334 24   
15 80556 2436 1.39 23.8   
16 58867 2260 1.525 24.1   
 
Red (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 730 13 0.039 23.4   
2 834 21 0.043 24.1   
3 1421 19 0.063 24.1   
4 2240 30 0.081 23.8 7.51 
5 3266 34 0.118 23.5 7.88 
6 8764 100 0.223 23.8 8.27 
7 11337 325 0.32 23.4 9.04 
8 21522 1216 0.495 23.3 9.2 
121 
 
9 24927 947 0.593 23.5 9.27 
10 23780 2035 0.659 24.5 9.42 
11 26616 2049 0.843 24.6 9.53 
12 33193 1518 0.988 24.2 9.78 
13 49220 1858 1.265 24.3 9.46 
14 65587 2103 1.334 24   
15 49108 2090 1.361 23.8   
16 66788 2305 1.426 24   
 
White (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 655 18 0.027 23.8   
2 1158 16 0.05 23.3   
3 2202 52 0.101 23.6   
4 3200 88 0.16 22.8 8.07 
5 4508 121 0.228 23.7 8.94 
6 10182 190 0.443 23.6 8.82 
7 18252 170 0.631 23.8 9.57 
8 18780 265 0.742 22.7 9.46 
9 27116 310 0.868 23.5 9.43 
10 29708 575 1.053 24.4 9.43 
11 36607 898 1.361 25.1 9.3 
12 61251 1322 1.403 24.1 9.89 
13 57673 440 1.445 24.3 9.06 
 
White (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 583 13 0.025 24.1   
2 992 15 0.044 23.8   
3 1845 28 0.092 22.6   
4 2926 53 0.137 23.5 8.12 
5 4193 62 0.187 22.8 9.09 
6 9120 106 0.331 23.5 8.84 
7 15582 36 0.573 23.4 9.52 
8 16855 170 0.67 23 9.44 
9 29895 535 0.765 23.5 9.25 
10 22130 307 0.964 23.2 9.36 
11 20057 240 1.102 23.7 9.38 
12 45154 688 1.374 23.3 9.75 




White (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 681 12 0.027 23  
122 
 
2 849 19 0.046 23.4  
3 1168 28 0.052 24.3  
4 2156 25 0.083 23.6 7.27 
5 2472 13 0.116 24 7.27 
6 3637 28 0.146 22.2 7.69 
7 5002 43 0.185 22.4 8.38 
8 8607 59 0.318 22.7 8.81 
9 11290 74 0.451 22.5 9.26 
10 16455 155 0.661 24 9.62 
11 24598 226 0.861 24.2 9.04 
12 17242 123 0.813 23.5 9.55 
13 25848 236 0.983 24.1 9.7 























Red 1 1.4161 1.4167 0.0006 30 1.3971 1.4012 0.0041 820 
Red 2 1.4031 1.4037 0.0006 30 1.408 1.4125 0.0045 900 
Red 3 1.4047 1.4056 0.0009 45 1.3997 1.4044 0.0047 940 
White 1 1.4164 1.4177 0.0013 65 1.407 1.4109 0.0039 780 
White 2 1.4091 1.4105 0.0014 70 1.42 1.4239 0.0039 780 
White 3 1.4046 1.4055 0.0009 45 1.3978 1.401 0.0032 640 
*Initial biomass used 20 mL and final biomass used 5 mL of sample 
 
 









 Mean FL2 
fluor. 
Lipid content 









Red 1 10950.75 13.31 1616 1464 1540 
Red 2 9628.75 12.39 1277 1345 1311 
Red 3 7751.25 11.08 1362.7 1541.2 1451.95 
White 1 11900.5 13.98 1134 1454 1294 
White 2 7841.25 11.14 1799 1627.5 1713.25 
White 3 11831.5 13.93 2418 2813 2615.5 
 
Data Set 2: Growth at 600 mol m-2 s-1 
 
Red (replicate 1) 
Days Micro Cyano Optical Density Temp (C) pH 
1 139 13 0.011 24.7   
2 638 6 0.038 26.2   
123 
 
3 4082 50 0.101 24.7 7.32 
4 15776 198 0.201 26 7.67 
5 23200 540 0.331 23.7 9.31 
6 40855 575 0.681 24.2 10.44 
7 66544 1919 0.998 24.1 10.39 
8 90629 3161 1.288 23 10.16 
9 105127 3023 1.498 25.9 9.82 
10 157370 4679 1.657 24.1 9.84 
11 164407 4882 1.692 25.1 9.59 
 
Red (replicate 3) 
Days Micro Cyano Optical Density Temp (C) pH 
1 166 18 0.017 24.6   
2 695 6 0.044 26   
3 4239 82 0.105 24.4 7.51 
4 15774 258 0.211 25.9 7.89 
5 21408 844 0.313 23.9 8.98 
6 38595 1130 0.613 24.5 10.22 
7 62703 1538 0.975 25.2 10.32 
8 88179 3281 1.378 23.5 10.29 
9 110649 2015 1.502 27.9 9.58 
10 153368 2700 1.592 25.1 9.41 





White (replicate 1) 
Days Micro Cyano Optical Density Temp (C) pH 
1 127 15 0.012 25.6   
2 712 5 0.037 27.4   
3 2618 26 0.092 24.6 7.51 
4 4796 84 0.118 26.1 8.15 
Red (replicate 2) 
Days Micro Cyano Optical Density Temp (C) pH 
1 168 18 0.017 25.6   
2 886 8 0.042 26.8   
3 4930 187 0.099 25.3 7.32 
4 12916 590 0.169 26.7 7.53 
5 19224 144 0.255 24.9 8.41 
6 28395 1430 0.509 23.8 9.79 
7 53548 2415 0.831 25.9 10.2 
8 75129 3433 1.183 23.4 10.51 
9 93463 2841 1.408 27.2 9.63 
10 149339 4753 1.587 24.5 9.48 
11 140932 4776 1.574 25.1 9.47 
124 
 
5 5688 198 0.193 24.8 9.78 
6 9140 118 0.394 24.7 10.33 
7 14541 78 0.662 25.9 10.59 
8 24564 188 0.966 24.1 10.9 
9 50652 666 1.324 27.6 10.42 
10 71250 486 1.441 28 9.9 
11 87244 893 1.495 26.1 9.6 
12 88211 1199 1.594 25.4 9.74 
 
White (replicate 2) 
Days Micro Cyano Optical Density Temp (C) pH 
1 109 15 0.016 24.7   
2 766 7 0.038 26   
3 2837 8 0.079 25.9 7.51 
4 5305 60 0.138 26 8.23 
5 6650 146 0.278 24.3 9.94 
6 12326 90 0.497 24 10.49 
7 21300 177 0.566 24.2 10.68 
8 35896 288 1.117 22.9 10.75 
9 78574 896 1.378 26.4 9.7 
10 107491 1973 1.546 24.3 9.43 
11 128317 4498 1.55 25.6 9.4 
12 127566 7098 1.502 24.8 9.5 
 
White (replicate 3) 
Days Micro Cyano Optical Density Temp (C) pH 
1 120 24 0.01 23.5   
2 601 5 0.036 25   
3 3025 9 0.076 23.8 7.27 
4 5780 55 0.149 24.1 7.72 
5 8222 162 0.231 23.2 9.35 
6 9836 186 0.466 23.3 10.29 
7 13521 30 0.646 25.8 10.47 
8 23252 120 0.884 23.4 10.79 
9 42373 424 1.192 25 10.45 
10 72363 628 1.399 23.2 9.64 
11 112371 1618 1.495 24 9.54 























Red 1 1.4072 1.4079 0.0007 35 1.4126 1.4173 0.0047 940 
Red 2 1.4074 1.4086 0.0012 60 1.3998 1.4043 0.0045 900 
125 
 
Red 3 1.4058 1.4069 0.0011 55 1.4002 1.4052 0.0050 1000 
White 1 1.4131 1.4141 0.0010 50 1.3906 1.3952 0.0046 920 
White 2 1.4063 1.407 0.0007 35 1.4112 1.416 0.0048 960 
White 3 1.4044 1.4055 0.0011 55 1.3921 1.3968 0.0047 940 






Data Set 3: Growth at 800 mol m-2 s-1 
 
Red (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 660 9 0.046 24  
2 1118 5 0.059 23.6  
3 1482 40 0.081 23.6  
4 1696 41 0.105 24.1 7.46 
5 1961 25 0.113 24.5 7.29 
6 4088 34 0.17 24.4 7.84 
7 10060 98 0.271 24.2 10.38 
8 20346 279 0.465 23.4 9.99 
9 21720 220 0.666 24.8 9.32 
10 35590 450 0.919 23.9 8.55 
11 47779 633 1.152 23.8  
12 63643 349 1.328 23.6  
13 109769 1198 1.462 24.4  
14 125722 253 1.462 24.6  
15 101120 401 1.451 24.2  
 
 
Red (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 587 5 0.039 24.1  
2 1033 6 0.046 24.4  
3 1405 24 0.057 24.5  
4 1488 26 0.069 24.9 7.52 
5 1684 21 0.088 24.8 7.09 
  Lipid Content   Chlorophyll-a Content 
 Mean FL2 
fluor. 
Lipid content 
(% dry biomass) 
Chl-a sample 1 
(µg L-1) 




Red 1 13364 15.00 746.5 646.5 696.5 
Red 2 12239 14.22 734.75 564.5 649.625 
Red 3 15058 16.19 669 751.35 710.175 
White 1 23777 22.29 1186.5 1015 1100.75 
White 2 22874 21.66 1305.5 1457 1381.25 
White 3 25322 23.37 1084.5 1418.5 1251.5 
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6 3936 26 0.154 24.3 8.06 
7 11205 119 0.276 24.7 10.49 
8 15495 231 0.376 24.3 9.39 
9 19480 325 0.516 23.9 9 
10 29920 410 0.76 24.3 8.54 
11 38590 1240 0.966 24.6  
12 49345 243 1.208 24.7  
13 72883 304 1.21 25.1  
14 101954 142 1.351 25.4  
15 89533 258 1.325 25.8  
 
Red (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 547 9 0.042 24.2  
2 927 10 0.038 24.6  
3 1279 21 0.071 24.7  
4 2573 8 0.099 24.2 7.52 
5 8909 156 0.225 24.4 7.11 
6 14804 94 0.394 24.4 7.83 
7 22212 644 0.576 24.8 9.91 
8 29515 260 0.826 24.4 9.4 
9 46605 545 1.104 24.4 9.11 
10 68692 1168 1.291 24.3 8.17 
11 88136 466 1.307 24.3  
12 80307 712 1.324 24.1  
13 97920 787 1.285 23.2  
14 72587 328 1.339 23.1  
 
 
White (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 290 15 0.015 23  
2 601 10 0.035 25.2  
3 1709 15 0.067 24.2  
4 5040 49 0.138 23.6 7.51 
5 7513 111 0.191 22.9 7.23 
6 5048 96 0.269 24.3 8.92 
7 9905 61 0.501 24.1 10.7 
8 20388 237 0.867 24 10.68 
9 56350 325 1.185 24.3 10.36 
10 115379 1347 1.321 24.1 9.65 




White (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 298 14 0.016 23.8  
127 
 
2 607 9 0.035 24  
3 2869 17 0.092 24.6  
4 4512 47 0.162 24.5 7.65 
5 6087 52 0.217 24.1 7.81 
6 4656 78 0.304 24.5 9.11 
7 13471 83 0.672 25.3 10.82 
8 32502 363 1.172 25.4 10.66 
9 68730 610 1.342 25.5 10.08 
10 97984 1982 1.381 25 9.34 
11 92421 1090 1.335 24.7 7.23 
 
 
White (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 509 7 0.037 25.7  
2 982 13 0.042 25.5  
3 2142 12 0.111 25.6  
4 4728 18 0.173 25.8 7.49 
5 4404 24 0.237 25.9 7.65 
6 4895 36 0.295 25.5 9.12 
7 6875 72 0.425 25.1 10.05 
8 11126 92 0.661 25.1 10.41 
9 22765 215 0.989 25.5 10.85 
10 41642 233 1.286 25.4 10.94 
11 56660 100 1.418 25 10.41 
12 80729 160 1.49 24.1 10.64 
13 98847 357 1.471 24.7 10.83 
14 85827 405 1.47 24.1  
 
 



















Red 1 1.3911 1.3924 0.0013 65 1.3906 1.3962 0.0056 1120 
Red 2 1.4028 1.4038 0.0010 50 1.4171 1.4224 0.0053 1060 
Red 3 1.443 1.4444 0.0014 70 1.406 1.4106 0.0046 920 
White 1 1.4029 1.4038 0.0009 45 1.4275 1.3883 1.4057 960 
White 2 1.4339 1.4352 0.0013 65 1.4323 1.3934 1.4112 1020 
White 3 1.4363 1.4377 0.0014 70 0.0048 0.0051 0.0055 1100 


















 Mean FL2 
fluor. 
Lipid content 









Red 1 8682.348 22.75 206.6 194.2 200.4 
Red 2 8142.032 20.91 266.2 303.2 284.7 
Red 3 6274.748 21.33 206.76 176.28 191.52 
White 1 1647.813 24.61 433.4 381.2 407.3 
White 2 N/A 30.42 572 772.92 672.46 
White 3 4195.538 24.23 591.76 611.6 601.68 
*N/A means that the nile red stain did not run properly on the flow cytometer and therefore the 
lipid content was determined using the Folch method.  
 
 
Data Set 4: Growth at 1000 mol m-2 s-1 
 
 
Red (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 608 15 0.032 23.8  
2 970 58 0.046 24.5  
3 1669 59 0.075 24.4  
4 3178 68 0.137 24 7.66 
5 8214 107 0.225 24.5 7.33 
6 20381 603 0.383 24.6 8.58 
7 31219 1507 0.614 24.6 10.73 
8 41811 1510 1.01 24.3 10.24 
9 52144 947 1.191 24.3 9.87 
10 74487 1961 1.255 25.3 9.34 
11 71783 561 1.186 25.3 7.09 
 
Red (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 375 10 0.018 23.3  
2 327 6 0.029 23.5  
3 1681 22 0.071 24.4  
4 8565 131 0.16 23.4 7.58 
5 16515 360 0.267 23.2 7.32 
6 16590 2150 0.491 24.6 8.44 
7 36830 1005 0.868 24.5 10.82 
8 53182 1827 1.293 24.6 10.51 
9 87593 937 1.419 25.1 9.79 







Red (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 375 12 0.02 23.5  
2 291 5 0.041 23.9  
3 1641 28 0.074 24.4  
4 10186 197 0.201 23.2 7.85 
5 22035 645 0.326 23.4 7.41 
6 19445 1395 0.597 24.4 8.78 
7 44200 1520 0.947 24.4 10.74 
8 56691 2625 1.22 24.1 10.29 
9 84846 1180 1.3 25.1 9.56 
10 101880 1948 1.313 24.4 9.02 
11 89264 1.275 1.275 25.2 7.13 
 
 
White (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 374 7 0.016 23.3  
2 342 6 0.029 23.9  
3 2104 13 0.088 24.1  
4 5126 33 0.185 23.8 7.79 
5 3916 38 0.229 23.2 7.84 
6 4944 78 0.425 24.1 9.62 
7 11181 65 0.757 24.7 10.82 
8 24549 132 1.258 24.7 10.71 
9 55945 265 1.466 25.1 10.67 
10 87769 630 1.528 24.7 10.07 
11 83771 281 1.559 24.6 7.2 
 
White (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 366 10 0.026 22.7  
2 350 5 0.027 23  
3 1294 11 0.068 23.4  
4 5679 22 0.149 22.9 7.72 
5 6138 66 0.234 22.7 7.41 
6 4182 70 0.345 23.9 8.56 
7 7865 55 0.618 24.1 10.56 
8 14364 90 1.015 23.9 10.52 
9 44370 165 1.333 24.2 10.6 
10 93355 933 1.494 23.9 9.97 







White (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 589 15 0.031 24.5  
2 1004 53 0.055 25.2  
3 2373 28 0.102 24.9  
4 4396 25 0.183 24.3 7.82 
5 4417 27 0.23 24.4 9.08 
6 6326 42 0.339 24.1 10.09 
7 8969 142 0.473 24.7 10.37 
8 16340 144 0.881 24.6 10.64 
9 26702 166 1.111 24.2 10.99 
10 43215 380 1.278 25.9 10.86 
11 49745 364 1.43 25.5 10.39 
12 56813 2667 1.449 25.8 10.47 
13 65302 552 1.487 24.3 10.39 
14 74944 97 1.537 23.7 10.05 























Red 1 1.403 1.4042 0.0012 60 1.3851 1.3897 0.0046 920 
Red 2 1.3864 1.3873 0.0009 45 1.3862 1.3911 0.0049 980 
Red 3 1.4139 1.415 0.0011 55 1.3816 1.3866 0.0050 1000 
White 1 1.4079 1.4089 0.0010 50 1.404 1.4102 0.0062 1240 
White 2 1.4113 1.4121 0.0008 40 1.3952 1.4008 0.0056 1120 
White 3 1.4073 1.4087 0.0014 70 1.4137 1.42 0.0063 1260 
*Initial biomass used 20 mL and final biomass used 5 mL of sample 
 









 Mean FL2 
fluor. 
Lipid content 









Red 1 38707 32.74 269.5 172.3 220.9 
Red 2 32746 28.57 189.75 185.99 187.87 
Red 3 26726 24.36 165.9 247.9 206.9 
White 1 38678 32.72 427.8 518.8 473.3 
White 2 38613 32.68 390.6 398.72 394.66 
White 3 N/A 34.84 610.38 567.51 588.95 
*N/A means that the nile red stain did not run properly on the flow cytometer and therefore the 




Data Set 5: Growth at 1200 mol m-2 s-1 
 
 
Red (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 452 15 0.016 24.9  
2 877 13 0.051 23.1  
3 5268 74 0.122 24.5  
4 12940 410 0.181 24.8 8.14 
5 13718 8 0.318 24.2 9.16 
6 20790 297 0.634 24.8 9.61 
7 23450 285 0.795 25.8 10.27 
8 34470 95 0.932 24.4 9.98 
9 64928 7685 1.167 24.2 9.25 
10 86568 248 1.195 26.3 8.92 
11 61560 140 1.166 26.4 8.62 
 
Red (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 694 7 0.022 25.7  
2 736 24 0.034 26.2  
3 1273 15 0.044 26.1  
4 2675 42 0.096 25.7 8.02 
5 10389 78 0.191 25.9 8.96 
6 15249 33 0.258 25.9 9.38 
7 21792 51 0.388 26.4 10.26 
8 26870 350 0.618 25.3 9.71 
9 40595 430 0.909 25 9.11 
10 54118 950 1.209 25.4 8.79 
11 72037 1677 1.277 26.4 8.68 
12 100506 380 1.308 26.2  
 
Red (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 700 13 0.022 24.1  
2 710 17 0.028 24.8  
3 1152 13 0.043 25.1  
4 2132 43 0.086 25 8.06 
5 10454 100 0.212 25.3 8.85 
6 19524 381 0.324 25.4 9.38 
7 25101 54 0.473 24.8 10.31 
8 29420 425 0.69 24.6 10.07 
9 44115 475 1.004 25.2 9.41 
10 63949 1408 1.264 24.9 9.29 
11 98675 1177 1.374 25.5 8.84 





White (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 406 11 0.016 24.9  
2 788 5 0.043 23.3  
3 2659 43 0.086 24.8  
4 2474 47 0.133 24.5 9.02 
5 4098 3 0.238 24.3 9.8 
6 6017 62 0.562 25.8 10.41 
7 11484 36 0.863 25.4 10.9 
8 34480 20 1.261 24.8 10.72 
9 38775 406 1.387 24.8 10.46 
10 54129 34 1.438 25.4 9.73 
11 75985 51 1.523 25.8 9.43 
12 77562 9 1.477 25 10.02 
 
 
White (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 375 10 0.028 23.9  
2 622 5 0.047 23  
3 2539 22 0.097 23  
4 2189 369 0.07 23.6 8.71 
5 4367 2 0.273 23.1 9.84 
6 4816 56 0.491 23.9 10.24 
7 11034 30 0.773 25.1 10.77 
8 29955 15 1.211 23.8 10.73 
9 41955 524 1.303 24.3 10.26 
10 51543 55 1.369 24.5 9.79 
11 79471 159 1.475 24.9 9.37 
12 79398 11 1.448 25.2 9.93 
 
 
White (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 544 13 0.028 24.8  
2 744 47 0.044 24.9  
3 2240 25 0.09 24.6  
4 4274 20 0.154 24.4 7.63 
5 5529 28 0.218 25.3 8.32 
6 6154 36 0.307 23.6 9.73 
7 7633 276 0.425 23.6 10.55 
8 11531 129 0.78 23.8 10.53 
9 22462 152 0.963 23.7 10.87 
10 37550 275 1.211 25.1 10.94 
11 53384 121 1.369 25.1 10.48 
12 56535 2225 1.445 24.5 10.6 
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13 63783 598 1.474 25.4 10.55 
14 70154 137 1.49 24.6 10.2 























Red 1 1.4066 1.4082 0.0016 80 1.3749 1.3793 0.0044 880 
Red 2 1.4041 1.4052 0.0011 55 1.4011 1.4058 0.0047 940 
Red 3 1.3888 1.39 0.0012 60 1.4013 1.4072 0.0059 1180 
White 1 1.4109 1.4122 0.0013 65 1.3703 1.3761 0.0058 1160 
White 2 1.3995 1.401 0.0015 75 1.3973 1.4027 0.0054 1080 
White 3 1.4243 1.4256 0.0013 65 1.4002 1.4053 0.0051 1020 
*Initial biomass used 20 mL and final biomass used 5 mL of sample 
 
 









 Mean FL2 
fluor. 
Lipid content 









Red 1 42815 35.62 201.0 192.6 196.8 
Red 2 43522 36.11 219.5 216.1 217.8 
Red 3 41041 34.38 157.8 120.3 139.1 
White 1 39612 33.38 406.7 448.2 427.4 
White 2 43743 36.27 344.1 256.7 300.4 
White 3 N/A 35.78 427.6 477.8 452.7 
 
 
Data Set 6: Growth at 1400 mol m-2 s-1 
 
 
Red (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 471 3 0.039 24  
2 531 9 0.032 24  
3 955 4 0.045 24.1  
4 1511 13 0.08 24.4  
5 2965 55 0.139 23.2 7.63 
6 9568 95 0.232 24.1 8.29 
7 17530 264 0.384 23.3 9.04 
8 24825 700 0.624 23.8 9.83 
9 32039 154 0.92 24.5 10.27 
10 39286 77 0.945 25 9.99 
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11 65228 1519 1.231 24.8 9.58 
12 69286 655 1.277 23.5 9.17 
13 67190 54 1.311 22.7 8.92 
 
Red (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 445 2 0.028 23.6  
2 498 9 0.039 24.8  
3 929 2 0.044 25  
4 1615 21 0.077 24.7  
5 2808 83 0.125 23.7 7.63 
6 8486 80 0.196 24.4 8.1 
7 13118 166 0.338 23.6 8.77 
8 25030 435 0.541 23.7 9.47 
9 35150 59 0.737 23.9 9.92 
10 26503 15 0.836 23.6 9.91 
11 49719 1059 1.114 25 9.65 
12 55920 469 1.132 24.4 9.45 
13 53527 293 1.228 23.2 8.92 
 
Red (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 481 4 0.029 23.3  
2 545 8 0.029 24.3  
3 973 4 0.053 24.1  
4 1697 28 0.081 24.4  
5 3320 108 0.14 25.7 7.65 
6 9814 117 0.24 23.7 8.42 
7 25148 328 0.401 23.5 9.24 
8 29040 605 0.605 24 10.09 
9 29182 135 0.817 24.1 10.65 
10 27242 78 0.848 25.3 9.92 
11 45303 653 1.178 23.7 9.56 
12 56858 600 1.301 23.3 9.22 
13 51775 284 1.235 23.2 8.92 
 
 
White (replicate 1) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 450 4 0.033 25.3  
2 366 13 0.035 25.5  
3 426 3 0.043 25.2  
4 1206 14 0.09 27  
5 3040 34 0.14 25.7 8.38 
6 3881 24 0.212 26.7 9.44 
7 5027 50 0.368 25 10.12 
8 7499 68 0.604 23.9 10.63 
9 25530 110 0.977 23.9 10.63 
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10 18522 30 1.19 23.9 10.78 
11 37472 276 1.364 24.2 10.8 
12 72334 143 1.478 23.4 10.37 
13 86351 108 1.535 26.7 9.91 
14 79424 193 1.527 24.7  
 
White (replicate 2) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 487 10 0.034 24.6  
2 393 11 0.049 26.3  
3 466 2 0.036 25.7  
4 1407 16 0.075 24.5  
5 2539 43 0.137 25.2 7.94 
6 2950 27 0.183 25.5 8.66 
7 4432 50 0.274 24 9.63 
8 7707 60 0.469 23.6 10.29 
9 17844 56 0.749 23.6 10.54 
10 15698 26 0.928 23.3 10.55 
11 26528 208 1.165 23.5 10.87 
12 53392 149 1.371 23.1 10.58 
13 82619 135 1.43 24.8 10.37 
14 66459 229 1.452 23.5  
 
White (replicate 3) 
Days Micro Cyano Optical Density Temp (°C) pH 
1 656 14 0.04 25.1  
2 1119 5 0.056 25.2  
3 1826 16 0.083 25.5  
4 2420 14 0.094 26.3 7.17 
5 3464 42 0.132 27.3 7.46 
6 4456 23 0.184 27.7 7.81 
7 5300 25 0.245 27.8 9.11 
8 7241 123 0.341 26.7 10.06 
9 10938 14 0.498 27.3 10.58 
10 14855 10 0.733 27.3 10.84 
11 20063 56 0.967 26.8 10.94 
12 31047 29 1.187 27.1 10.85 
13 45544 152 1.344 27.3 10.51 
14 78147 142 1.46 27 10.07 




























Red 1 1.5186 1.5197 0.0011 55 1.435 1.4397 0.0047 940 
Red 2 1.3996 1.4009 0.0013 65 1.409 1.4136 0.0046 920 
Red 3 1.3854 1.3864 0.0010 50 1.4162 1.4209 0.0047 940 
White 1 1.4006 1.4017 0.0011 55 1.4161 1.4216 0.0055 1100 
White 2 1.3995 1.4006 0.0011 55 1.4003 1.4052 0.0049 980 
White 3 1.3965 1.3976 0.0011 55 1.3979 1.4043 0.0064 1280 
*Initial biomass used 20 mL and final biomass used 5 mL of sample 
 
 









 Mean FL2 
fluor. 
Lipid content 









Red 1 39707 33.44 159.2 140.5 149.85 
Red 2 39252 33.13 130.1 143.3 136.7 
Red 3 44360 36.70 281.2 284.3 282.75 
White 1 38755 32.78 482 433.8 457.9 
White 2 32254 28.23 352.8 493.4 423.1 























Appendix C: HISTAR Experiment 
 
This experiment tested to if the co-culture is able to grow in the HISTAR system at a 
dilution rate of 1 L min-1. Daily measurements for the two turbidostats and the eight CFSTRs 
were pH, temperature, optical density and cell counts. 
 
Microalgae and cyanobacteria cell counts were differentiated using a BD Accuri® C6 
Flow cytometer. Optical density was measured using a HACH® DR/4000 spectrophotometer at a 
wavelength of 664 nm. pH was measured using a HACH® HQ411d benchtop pH/mV meter. 
Temperature was measured using a Southwire non-contact IR thermometer. Nitrates were 
measured using HACH® TNT 835 nitrate vials and phosphates were measured using a 
SmartChem 200 Discrete Analyzer.  
 
Light attenuation measurements were conducted using a LI-COR 1400 with a LI-193 
Underwater Spherical Quantum Sensor bulb. Light attenuation measurements were conducted 
with varying concentrations of biomass in the CFSTRs. 
 
Below is the date set for the dilution rate of 1 L min-1 and the light attenuation measurements . 
The microalgae cell count is recorded in the tables. Each data also contains the wet weight 
harvested from the centrifuge.  
 
  Data Set 1: Dilution rate of 1 L min-1 


























Data Set 1: Dilution rate of 1.0 L/min 
 
Day 0 


















25.4 26.5 26.4 25 24.2 24.2 23.9 23.6 23.5 23 
pH 7.59 7.6 7.95 8.52 8.74 8.78 8.88 8.9 8.93 8.89 
NO3 
(m/L)           
PO4  










749 320 121 
      
23 






















27 27.4 25.6 24.2 23.8 23.7 23.5 23.1 23 22.6 
pH 8.27 8.45 8.62 8.76 8.82 8.91 8.98 8.91 9.02 8.93 
NO3 
(m/L) 
43.6 23.9 19.7       11.5 
PO4  
(mg/L) 













      
155 
























27.4 25.1 24.5 23.8 24.2 23.5 23.9 23.5 22.8 
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pH 7.6 7.63 8.46 8.53 8.79 8.85 8.8 8.77 8.74 8.72 
NO3 
(m/L) 
          
PO4  
(mg/L) 












126 38       90 






















26.2  26.2 24.7 24 23.9 23.6 23.4 23.2 22.6 
pH 8.5  7.57 7.71 7.8 7.93 8.07 7.93 7.82 7.84 
NO3 
(m/L) 





 24.8       12.75 
OD 0.04
6 







 82       161 






















26.4 26.7 25.7 24.3 23.9 23.8 23.7 23.4 23.3 22.8 
pH 7.58 7.76 7.59 7.665 7.81 8.11 8 8.04 8.07 8.08 
NO3 
(m/L) 
          
PO4  
(mg/L) 
          








247 663 26       62 






















26.5 26.8 25.7 24.1 23.5 23.4 23.2 23 23 22.5 
pH 8.23 8.06 7.8 8.06 8.23 8.31 8.47 8.66 8.88 8.92 
NO3 
(m/L) 















97 140 35       66 






















26.8 27.5 26.3 24.5 24 24 23.3 23.4 23.3 22.9 
pH 8.29 8.19 7.63 7.83 7.93 7.95 8.02 8.04 8.07 8.04 
NO3 
(m/L) 
          
PO4  
(mg/L) 










270 201         























27.2 27.4 26.2 24.6 23.9 23.8 23.7 23.4 23.3 23.2 
pH 7.99 8.06 7.73 8.03 8.2 8.23 8.26 8.32 8.38 8.34 
NO3 
(m/L) 















642 371         
























26.2 24.6 23.7 24.8 23.9 23.1 23.1 22.9 
pH 8.15 8.1
9 
7.66 7.97 8.15 8.22 8.21 8.23 8.26 8.31 
NO3 
(m/L) 
          
PO4  
(mg/L) 










          










Data Set 2: Light Attenuation measurements  
 
Biomass = 0.00 mg/L 
 Distance from center (cm)     
Depth 
(cm) 
0 17.78 35.56 55.88 Center Ring #1 Ring #2 
Weighted 
sum 
(µmol m-2 s-1) 
5 3881 770 308 183 230.96 160.59 143.30 545.22 
10 2957 639 306 207 178.57 140.78 149.73 478.16 
15 2337 612 315 229.5 146.44 138.10 158.92 452.05 
20 1932 585 331 246.7 124.99 136.46 168.61 438.39 
25 1661 533.4 325.9 242.6 108.97 128.01 165.92 410.71 
35 1472 508.1 339 240 98.33 126.19 168.99 401.14 
Weighted Sum = 454.28 
 
Biomass = 23.33 mg/L 
 Distance from center (cm)     
Depth 
(cm) 
0 17.78 35.56 55.88 Center Ring #1 Ring #2 
Weighted 
sum 
(µmol m-2 s-1) 
5 2301 824.3 208.4 112.1 155.19 153.84 93.54 410.38 
10 1564 671.3 240.3 140.3 111.00 135.80 111.08 364.82 
15 1081 648.7 248.4 152.8 85.89 133.64 117.10 343.16 
20 976.2 561.5 211.1 160.7 76.36 115.10 108.51 305.78 
25 657.4 450 248.5 160.5 54.99 104.06 119.37 283.82 
35 426.4 373.8 218.1 166.5 39.74 88.18 112.25 244.82 
Weighted Sum = 325.46 
 
Biomass = 33.33 mg/L 
 Distance from center (cm)     
Depth 
(cm) 
0 17.78 35.56 55.88 Center Ring #1 Ring #2 
Weighted 
sum 
(µmol m-2 s-1) 
5 3023 575.6 194.7 90.75 178.70 114.75 83.31 384.07 
10 1976 476 225.1 104.5 121.76 104.44 96.20 328.65 
15 1574 458.6 217.6 121.4 100.93 100.73 98.94 306.44 
20 1018 450 186.6 126.6 72.90 94.84 91.41 264.17 
25 529.8 361.6 171.1 128.7 44.26 79.36 87.50 215.21 
35 384.2 284.7 167.5 128.5 33.22 67.37 86.39 190.60 







Biomass = 43.33 mg/L 
 Distance from center (cm)     
Depth 
(cm) 
0 17.78 35.56 55.88 Center Ring #1 Ring #2 
Weighted 
sum 
(µmol m-2 s-1) 
5 2896 575.7 457 71.89 172.40 153.84 154.36 489.92 
10 2415 178.8 165.6 85.14 128.80 51.31 73.18 258.20 
15 1635 396 162.3 96.56 100.85 83.17 75.55 264.61 
20 836.7 324.9 122 94.84 57.68 66.58 63.29 191.18 
25 668.7 257.7 129.6 84.16 46.00 57.70 62.39 169.31 
35 348.4 207.4 101.7 76.22 27.60 46.05 51.93 128.01 
Weighted Sum = 250.20 
 
 
Biomass = 80.0 mg/L 
 Distance from center (cm)     
Depth 
(cm) 
0 17.78 35.56 55.88 Center Ring #1 Ring #2 
Weighted 
sum 
(µmol m-2 s-1) 
5 2008 484.6 149.2 57.44 123.78 94.42 60.31 283.90 
10 1072 440.7 120 52.32 75.12 83.53 50.29 212.99 
15 494.7 438.2 95.78 56.67 46.33 79.55 44.49 173.67 
20 325 244 73.63 43.05 28.25 47.32 34.05 111.75 
25 111.1 163.3 54.11 32.88 13.63 32.39 25.39 72.79 
35 93.19 79.64 31.89 23.37 8.58 16.61 16.13 42.13 
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